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This thesis is presented as a series of manuscripts which explore the aspects of 
eastern grey kangaroo health, behaviour, and population dynamics. All work 
presented has been published, accepted for publication, or is currently under review. 
An introductory literature review and a general conclusion are included at the 
beginning and end of the thesis to prove the continuity. The closely related nature of 
the topics results in some repetition in the introductions of some chapters. Formatting 
including fonts and referencing used in manuscripts varies according to the 
requirements of the journal. References for each manuscript are located at the end of 
each chapter. All the presented manuscripts are jointly authored, but in all cases I am 
the primary author. Two additional manuscripts can be found at the end of the thesis 
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Eastern grey kangaroos (Macropus giganteus) are one of Australia’s most 
iconic species. An increase in watering sites and urban development have 
dramatically influenced the species range and abundance. Current knowledge of 
group structure, dispersal and behaviour of eastern grey kangaroos is limited. 
Developing a better understanding of these topics is essential in creation of effective 
management strategies. The following thesis explores multiple aspects of 
behavioural ecology and health in free ranging eastern grey kangaroos. Motion 
detecting infra-red camera traps were used to assess activity patterns and social 
interactions, as well as the suitability of this tool for measuring behaviour in this 
species. Activity patterns were compared between a modified and natural site. The 
location of 23 road killed kangaroos was studied to evaluate what influences road 
mortality. DNA extracted from tissue and blood samples were used to conduct 
microsatellite analysis and investigate genetic structure of the population. Baseline 
haematology, blood chemistry, and acute phase protein parameters were examined 
for eight kangaroos including three adult males, three adult females and two sub-
adult males to assess health. 
The aim of the research was to expand the existing knowledge of the 
behaviour, social organisation, population dynamics and health of eastern grey 
kangaroos to assist in developing more informed and effective management 
strategies for this species. Research was conducted at two sites in NSW, Yarramundi 
paddocks at the Hawkesbury campus of WSU, Richmond, NSW; an active farmland 
site fragmented by an urban environment consisting of 308 ha of pasture, grassland, 




Newnes, NSW; a largely undeveloped area and conservation reserve at an eco-resort 
situated on 1619 ha of grasslands, woodland and riparian areas surrounded by the 
sandstone cliffs of World Heritage listed National Parks.  
Camera trap data was consistent with activity patterns of eastern grey 
kangaroos observed on foot in previous studies. The behaviour of kangaroos 
appeared to be influenced by the presence of cameras, however no kangaroos 
retreated from cameras and all appeared to become habituated to cameras after eight 
months. The findings suggest that camera traps are suitable for assessing the diurnal 
activity of kangaroos, however nocturnal activity appeared to be underrepresented. 
Observations of unusual fighting behaviour illustrates the potential for camera traps 
to enable capture of novel observations.  
Comparison of camera trap data showed that kangaroos at the modified site 
had a higher density, spent more time in larger groups, and had an earlier peak 
activity time than those at the natural site. More vigilance (standing still and 
scanning for threats) and less feeding were observed at the modified site. The higher 
population density at the modified site is likely to be a result of increased resources 
and restricted dispersal. The earlier peak activity time observed at the modified site 
may be in response to artificial lighting. Increased vigilance may be due human 
presence, and visual barriers in modified landscapes that reduce the line of sight. 
Reduced feeding time is probably a result of the higher nutritional content of pasture 
grasses at the modified site. 
Assessment of factors that influence kangaroo road mortality at the modified 
site demonstrated that more mortalities occurred during periods of low temperature 




low temperature and low rainfall reduce forage quality, causing kangaroos to travel 
further to find high quality vegetation. High moon illumination provides increased 
visibility and allows for greater mobility of kangaroos. Significantly more road 
mortalities occurred a short distance from the end of a section of street lights. Gaps 
in roadside lighting are likely to reduce motorists’ ability to visually detect animals 
on roads while their eyes adjust to different lighting levels. 
Investigation of the genetic structure within the population indicated one pair 
of kangaroos were full siblings, and a high proportion were identified as half 
siblings. Six positive parentage assignments were detected. The locus used for 
microsatellite analysis were polymorphic and highly informative for use in the study 
population. No genetic spatial autocorrelation was detected. 
Examination of health parameters of free-ranging eastern grey kangaroos 
found preliminary differences in both the haematological and blood chemistry values 
of kangaroos of different ages and genders. The kangaroo serum had a strong 
antibacterial response to Klebsiella pneumoniae, and moderate responses to 
Escherichia coli and Staphylococcus aureus. Haptoglobin and serum amyloid A were 
present in kangaroo serum, but only haptoglobin was elevated in a kangaroo with 
necrotic wounds.  
Results confirm that camera traps are suitable for assessing the diurnal 
activity of eastern grey kangaroos and should be incorporated in into future studies to 
reduce observer effect and costs, thus enabling effective long term monitoring. The 
expanded knowledge of the factors found to increase kangaroo road mortality enable 
more effective road design planning and wildlife management strategies such as 




structure and dispersal patterns occurring within these free-ranging populations, and 
their health, will assist in effective population monitoring, which is necessary for the 
successful management of kangaroo populations in increasingly developed 
landscapes.  Overall, the information gained from this research is essential for 
developing effective management practices for high density kangaroo populations in 
developed areas, which is necessary as a result of the increasing development and 















Marsupials (metatherians) are a subclass of mammal that occupies 
Australasia and the Americas, but once occurred across all continents (Tyndale-
Biscoe 2005; Wooding & Burton 2008). Marsupials and eutherian mammals 
diverged approximately 147.7 million years ago, and Australasian marsupials 
diverged from American marsupials over 60 million years ago (Bininda-Emonds et 
al. 2007; Black et al. 2012).  Australian and American marsupials are believed to 
have evolved independently and are treated as taxonomically distinct groups by 
many researchers (Hunsaker 2012).  
Marsupials are anatomically unique in many ways, such as having a lower 
body temperature and metabolic rate compared to eutherians (Tyndale-Biscoe 2005). 
Marsupials also have fewer chromosomes that are larger than eutherian 
chromosomes (Deakin 2018). These larger chromosomes are believed to have 
resulted from chromosomes fusing together forming larger chromosomes when 
marsupials diverged from eutherians (Deakin 2018). The reproductive biology of 
marsupials is particularly distinctive and separates them from eutherian (‘placental’ 
mammals) and prototherian (monotremes) subclasses (Wooding & Burton 2008). 
Female marsupials possess two vaginae, uteri and oviducts, and give birth to 
relatively undeveloped young after a short gestation (Tyndale-Biscoe 2005). The 
newborn young have well developed forelimbs to allow them to crawl to the 
mother’s teat which is located inside a pouch in most species (Edwards & Deakin 
2013; Van Dyck & Strahan 2008). The majority of development occurs during the 
lactation period (Edwards & Deakin 2013). Despite these developmental differences, 





as large, or sometimes larger than eutherians of a comparable body size (Weisbecker 
& Goswami 2010).  
There are seven extant orders of marsupial (Fig. 1.1) (Cardillo et al. 2004). 
Divergence within Australian marsupials occurred in the mid to late Cenozoic 
period, resulting in four extant orders and the evolution of specialised adaptations 
that allowed emerging species to utilise varied habitats and diets in the Australian 
environment (Black et al. 2012; Meredith et al. 2008). The order Diprotodontia 
originating in the Tertiary period, is the most diverse order of Australian marsupials, 
and one of the largest families of all large terrestrial herbivorous mammals (Jarman 
& Coulson 1989; Meredith et al. 2008). Species within this order being primarily 
herbivores are characterised by the presence of two forward pointing lower incisors 
(Phillips & Pratt 2008). Diprotodontia contains ten families, accounts for 
approximately 40% of all extant marsupial species and includes the suborders 
Vombatiformes (wombats and koalas), Phalangeriformes (possums and gliders), and  
Macropodiformes (kangaroos, wallabies, bettongs and potoroos) (Meredith et al. 
2008; Phillips & Pratt 2008). The predominantly grazing species in the 
Macropodidae diverged from Potoroidae 14–17 Ma later than the majority of 
divergences within Diprotodontia (Meredith et al. 2008). Macropod species vary in 
size but most possess enlarged hind legs and a powerful tail that allows fast paced 






Fig 1. 1. A phylogenetic tree showing the orders and families within the marsupial 
subclass, adapted from Cardillo et al. (2004). Australian subclasses = dashed outline  
1.1.2. Eastern grey kangaroos 
Eastern grey kangaroos (Macropus giganteus) are found in the eastern states 
of mainland Australia (Fig. 1.2). Increased watering sites over the last 30-40 years 
has led to the species dramatically expanding its range (Richardson 2012). They 
inhabit woodlands, sclerophyll forests, shrublands and heathlands, and their diet 





are often utilised by eastern grey kangaroos for grazing, with favoured grazing areas 
regularly shared with other macropods (Richardson 2012).  
 
Fig 1. 2. A map showing the distribution of the eastern grey kangaroo (Macropus 
giganteus) , adapted from Munny et al. (2008). 
Eastern grey kangaroos are sexually dimorphic (Richardson 2012). Males can 
grow up to 230 cm and weigh between 70-90 kg (Richardson 2012), which makes 
them one of the largest macropod species (Kaufmann 1975). The much smaller 







Fig 1. 3. The size difference between male and female eastern grey kangaroos. 
In the wild, females reach sexual maturity at 18-24 months, and males at 30-
36 months, whilst captive eastern grey kangaroos reach sexual maturity slightly 
earlier than their wild counterparts (Richardson 2012). The oestrus cycle of eastern 
grey kangaroos lasts approximately 46 days (Richardson 2012). Gestation lasts 
around 35-36 days (Richardson 2012) and the average inter-birth interval is 373 days 
(Poiani et al. 2002). The joey, which is born furless and blind, and weighing approx. 
0.8 g, climbs into its mother’s pouch and attaches to the teat (Poole 1982; Russell 
1984).  
Eastern grey kangaroos perform several important ecological functions. Their 
selective grazing (Fig. 1.4) modifies habitats, and influences the presence of 
invertebrates and other vertebrates such as grassland birds by maintaining shorter 
           Male 
                                                                                                         





grasses (Neave & Tanton 1989). The browsing of native tree seedlings by kangaroos 
prevents woodland encroachment into grassland habitats (Webb 2001). Kangaroos 
also provide a food resource for predators, including dingoes (Canis lupus), 
European red foxes (Vulpes vulpes), and wedge-tailed eagles (Aquila audax) 
(Robertshaw & Harden 1989). 
 
Fig 1. 4. A female eastern grey kangaroo grazing (Photo by Rory Barber 2016). 
1.2. Population structure 
1.2.1. Levels of social organisation 
Eastern grey kangaroos are considered one of the most gregarious macropod 





of others, than as a solitary individual across different habitats, densities, and seasons 
(Fig. 1.5) (Southwell 1984a). 
 
Fig 1. 5. A group of eastern grey kangaroos in an open grassland habitat 
Eastern grey kangaroo populations are broken into sub-populations known as 
mobs (Table 1.1) which are comprised of long term associates with overlapping 
home ranges (Jarman & Coulson 1989). Mobs consist of multiple open membership 
groups that vary in size and composition, which continually change as individuals 
regularly join and leave groups (Jarman & Coulson 1989).  







All individuals within a region Long term associates who share 




Individuals in close proximity individuals that interact more frequently 
A group refers to the immediate proximity of and interaction between a 
number of individuals (Jarman & Coulson 1989), however different studies often use 
varying definitions of ‘group’. Many macropod studies define a group using a 
distance from nearest neighbour criteria, which vary between 15-69 m (Caughley 
1964b; Jarman 1987), while others have used behavioural criteria such as visual 
communication between individuals (Colagross & Cockburn 1993; Southwell 1981). 
Behavioural criteria creates a distinction between a ‘group’ and an ‘aggregation’, 
which is when individuals gather to exploit a resource (Jarman & Coulson 1989). A 
combination of distance and behavioural criteria were used to define a ‘group’ within 
this thesis based on the definition used by Jarman and Coulson (1989); individuals in 
significantly closer proximity to one another than to other individuals in the 





Smaller sub-groups have been included in some studies as an additional level 
of social organisation within groups and is  defined as individuals that interact more 
frequently with one another than with the rest of the group and whose relationships 
persist over a longer period of time (Jarman & Coulson 1989).  
1.2.2. Group formation 
Early studies concluded that eastern grey kangaroos tend to form mixed sex 
groups which are continually changing in composition, have no particular social 
organisation, do not have permanent associations between individuals, and do not 
defend territory against intruders (Caughley 1964b; Kirkpatrick 1966).  
The size of groups varies most commonly between 1-15 individuals and 
contains an average of three individuals (Caughley 1964b; Kaufmann 1975; Taylor 
1982). Lone males and females occur in approximately equal numbers, however lone 
males may account for a higher proportion of total males since sex ratios biased 
towards females have been reported in some populations (Jarman & Southwell 1986; 
Kaufmann 1975). Large males have frequently been observed alone which may be 
the result of moving between groups to check the reproductive state of females 
(Southwell 1984b). Females with young at foot have also been frequently observed 
alone, however, females with pouch young or no young, and smaller males are more 
often observed in groups (Southwell 1984b). Individuals do not appear to prefer or 
avoid groups containing either gender (Southwell 1984b).  
Group composition is therefore not fixed as individuals are frequently joining 
and leaving (Southwell 1984b).  
There is a positive relationship between the rate of groups joining and 





grey kangaroo is caused by random meetings (Southwell 1984b). The rate of groups 
splitting have been found to be related to population density and group size, 
indicating that splitting may be influenced by both internal and external factors 
(Southwell 1984b). Large groups may split to form smaller ones so it is easier to 
coordinate movements, and individuals may be more inclined to leave a group when 
population density is high because neighbouring groups are closer by, whereas in low 
density populations, there is a greater risk of not finding another group to join 
(Southwell 1984b).   
1.2.3. Group membership 
Caughley (1964b) and Kirkpatrick (1966) both concluded that groups are 
formed by random joining of individuals and smaller groups during feeding 
activities, and neither found evidence of permanent group organisation (Kaufmann 
1975). The suggestion that group size was a result of a random process has been 
contradicted in many studies (Jaremovic & Croft 1991a; Kaufmann 1975; Southwell 
1984b). Kaufmann (1975) suggests that if individuals are recognisable in studies, 
then long term associations between individuals could be evaluated. The studies by 
Caughley (1964b) and Kirkpatrick (1966) did not identify individuals and therefore 
are not able to detect any patterns in associations (Kaufmann 1975). Previous studies 
on grouping in eastern grey kangaroos have measured group size but have not 
examined changes in group membership (Bell 1973; Grant 1973; Kaufmann 1975; 
Kirkpatrick 1966). 
If eastern grey kangaroo group formation was essentially random, then it 
would be expected that; 1) groups are open membership and individuals are free of 





between individuals in these groups (Coulson 2009). Eastern grey kangaroos do form 
open membership groups which constantly change in size and composition from a 
fission-fusion dynamic (Jarman & Coulson 1989; MacFarlane 2006; Southwell 
1984b). Individuals are free to leave and join groups, as this species do not form 
harems or defend territories (Kaufmann 1975). Males occasionally fight to establish 
dominance, although the fights are more ceremonial than actually damaging 
(Coulson 1997; Croft & Snaith 1990).  
Some associations between individuals are not random (Coulson 2009). 
Individuals are more likely to interact with members of their own mob than with 
members of other mobs, and some evidence of recognition and positive association 
between individuals has been reported (Grant 1973). Non-random associations have 
been reported in many studies conducted at the population class level using 
categories based on gender, age, and reproductive status (Jaremovic & Croft 1991a; 
Jarman 1994; Jarman & Southwell 1986; McCullough & McCullough 2000; 
Southwell 1984b). Studies that have identified individuals such as Arnold et al. 
(1990), Jaremovic and Croft (1991b), and Jarman (1994) have reported non-random 
associations between individuals. Jaremovic and Croft (1991b) found that a pair of 
adult females had almost a complete spatial overlap and frequently associated with 
each other, while only occasionally associating with other females in the area. The 
genetic relationships of individuals was unknown in the studies by Arnold et al. 
(1990) and Jaremovic and Croft (1991b), however they were known in the study by 
Jarman (1994) which found that females most frequently associated with females 






The suggestion that group size is a result of individuals randomly leaving and 
joining groups does not take into account non-random associations such as mother 
and young (Southwell 1984b). Group formation also may be influenced by males 
maintaining a close proximity with females in or nearing oestrus, which suggests that 
group formation is not an entirely random process (Southwell 1984b). Aside from a 
gregarious nature and non-random reproductive associations, group formation 
appears to be very flexible (Southwell 1984b). 
1.2.4. Dispersal 
Caughley (1964a) reported that eastern grey kangaroos disperse randomly 
and do not appear to hold territories. Southwell (1984a) found that individuals were 
more dispersed in tall shrubland habitats than in open forest habitats. The difference 
in dispersion between habitats may be explained by differences in vegetation 
structure, food availability, and reproductive activity (Southwell 1984a). Dense 
vegetation in tall shrubland habitats may create physical and visual barriers which 
result in the population being more widespread than in open forest habitats 
(Southwell 1984a). Animals grazing in areas where food is not abundant, such as tall 
shrubland habitats, are less able to remain in a unified group because individuals are 
forced to move further apart to find resources (Southwell 1984a). Reproductive 
associations appear to occur more commonly in open forest habitats than in tall 
shrubland habitats, as these associations require a close although temporary 
proximity, it may explain the difference in spatial dispersion (Southwell 1984a). 
Caughley (1964a) used aerial photographs to measure vertical canopy cover, 
and observed the distance of cover from head height of kangaroos to measure 





canopy cover, however areas with thicker horizontal cover were found to have a 
greater density of kangaroos (Coulson 2009). Eastern grey kangaroos appear to 
prefer habitat with a combination of patches of cover and open grassy areas for 
grazing (Caughley 1964a; Coulson 2009). The relationship between cover and food 
has been demonstrated at several scales, including landscape (Hill 1981a; Mcalpine 
et al. 1999), population (Hill 1981b; Southwell, C 1987; Taylor 1980), and individual 
home range (Moore, Coulson & Way 2002; Viggers & Hearn 2005). 
Natal dispersal fundamentally influences the genetic structure of wildlife 
populations (King, Garant & Festa‐Bianchet 2015). Sex based dispersal spatially 
separates opposite sexed kin, therefore reducing inbreeding (Blyton, Banks & 
Peakall 2015). Male kangaroos commonly disperse from their mothers (King, Garant 
& Festa‐Bianchet 2015), whereas female kangaroos are highly philopatric and 
exhibit preferential behaviour towards kin (Best et al. 2013). Environmental factors 
such as food availability and physical barriers in the landscape may limit dispersal 
and therefore affect genetics within a population (Southwell 1984a).  
1.3. Behaviour  
1.3.1. Activity patterns 
The activity patterns of kangaroos within a 24 hour period were first 
quantified by Caughley (1964b) by recording the number of kangaroos either lying 
down, or participating in an activity such as foraging (Coulson 2009). Eastern grey 
kangaroos are mostly active at night, and very early or late in the day (Kaufmann 
1975). Their activity gradually decreases between dawn and midday when a majority 
of the time is spent lying in the shade, and rarely leaving areas of greater plant cover 





activity, including grazing, occurs at night when they will venture into grassy open 
areas to forage (Caughley 1964b). It is important to note that Caughley's (1964) 
studies occurred when all grey kangaroos were considered one species (M. canguru) 
before Kirsch and Poole (1972) identified the eastern grey kangaroo (M. giganteus), 
and the western grey kangaroo (M. fuliginosus) as separate species. As a result, it is 
impossible to know which behaviours observed during this study are characteristic of 
either species of grey kangaroo, as both species were distributed in the study area and 
the data treats them as one species.  
The study by Caughley (1964b) did not account for photoperiod or restless 
behaviour (eg. posture changes) (Coulson 2009). High levels of nocturnal activity 
have been observed in kangaroos in many studies, most of which concluded that 
season and photoperiod were influencing factors (Coulson 2009).  
1.3.2. Social interactions 
Observations of eastern grey kangaroos revealed that individuals are tolerant 
of other individuals in a population across all ages and genders, as well as other 
macropod and herbivore species (Fig. 1.6) (Kaufmann 1975). Individuals will 
regularly graze and rest in close proximity to others without directly interacting with 
them (Kaufmann 1975). Adult males have been regularly seen feeding in close 
proximity to one another (Kaufmann 1975). Physical interactions between 
individuals does also occur, such as touching noses, or sniffing each other’s head and 







Fig 1. 6. Eastern grey kangaroos grazing within close proximity of a wombat. 
Social grooming is rare in macropods and generally only occurs during 
mother-young interactions, mating interactions, and occasionally during agonistic 
interactions between males (Kaufmann 1974; Kitchener 1970; LaFollette 1971; 
Russell 1970). In contrast, a study by Grant (1973) found that social grooming was 
common between two pairs of captive adult female eastern grey kangaroos. 
Adult females have been observed hitting or shoving other adult females, or 
sub-adults who come close, and adult females, and sub-adults have also been 
observed grabbing or hitting juveniles who come close (Kaufmann 1975). It is 
possible that some aggressive behaviour observed is a result of nervous reactions 
(Kaufmann 1975). Evidence of territorial behaviour such as chasing away members 
of another mob from a favoured grazing area has been reported by Grant (1973). 
Ritualised fighting between adult male kangaroos is a familiar sight for most 





grey kangaroos are likely to have a subtle dominance hierarchy within mobs, 
particularly among males.  
 
Fig 1. 7. Fighting between two male eastern grey kangaroos. 
The social interactions between eastern grey kangaroos predominantly relate 
to reproduction, including inspection of females’ reproductive state by males, 
mating, agonistic interactions between males over access to a female, and affinitive 
interactions between mother and young (Southwell 1984a). Oestrus in eastern grey 
kangaroos lasts only a few hours and occurs throughout the year (Kaufmann 1975), 
so males will regularly check females for signs of oestrus by sniffing the female’s 
cloaca (Kaufmann 1975). Courting of anoestrous females has been commonly 
observed in this species, including gently pawing each other’s head, neck and paws 
(Kaufmann 1975). 
Males do not maintain permanent associations with particular females and 
will attempt to mate with any female in oestrus (Kaufmann 1975). Even though there 





males and females within the same mob (Kaufmann 1975), but no evidence to 
suggests this species forms harems (Southwell 1984b). 
Eastern grey kangaroos, like many macropod species, exhibit certain quiet 
vocalisations and postures during courting (Kaufmann 1975). Loud mating calls, 
such as those characteristic of other mammalian species including koalas 
(Phascolarctos cinereus) (Ellis et al. 2015), greater sac-winged bats (Saccopteryx 
bilineata) (Voigt et al. 2008), and red deer (Cervus elaphus) (Charlton et al. 2014), 
do not occur in eastern grey kangaroos as they are unnecessary for populations that 
do not segregate on the basis of gender (Kaufmann 1975).  
1.4. Management and monitoring 
1.4.1. Management issues and strategies 
Resources such as water and managed vegetation have increased since 
European settlement, resulting in an increased distribution and abundance of eastern 
kangaroos (Coulson, Cripps & Wilson 2014; Richardson 2012). Kangaroos are 
abundant in peri-urban areas and utilise managed vegetation such as agricultural 
spaces (Coulson et al. 1999). Small eastern grey kangaroo populations can rapidly 
increase over the span of a decade, and barriers such as fencing restrict the dispersal 
of these populations, thus leading to high population densities (Adderton Herbert 
2004; Coulson 1998, 2001; Southwell 1984a). Increasing urban development in 
NSW will lead to increased barriers in the landscape and is therefore likely to restrict 
dispersal and increase the density of kangaroo populations.  
The impacts of urban development on the health and welfare of kangaroo 
populations are an important consideration for management planning for this species. 





infections (Gordon & Cowling 2003; Roberts et al. 2010), viruses (Wilcox et al. 
2011), and parasites (Jackson 2003), and disease transmission is frequent within 
kangaroo populations due to their large, high-density, and open- membership groups 
that lead to close proximity and frequent interaction between a range of individuals 
(Cripps, Martin & Coulson 2016). Disease is particularly prevalent in urban 
kangaroo populations that experience increased transmission rates (Cripps, Martin & 
Coulson 2016). Increased stress from the presence of noise and light generated by 
human activity has been shown to affect the behaviour, feeding rates, and 
reproductive success of wild animals (Newport, Shorthouse & Manning 2014). 
Monitoring the health of kangaroo populations is limited by the lack of available 
baseline haematology and blood chemistry parameters for healthy free-ranging 
eastern grey kangaroos.  
It is necessary to have detailed health parameters for free-ranging eastern 
grey kangaroos when assessing health in free ranging populations. Health parameters 
for other macropods have been found to differ between free-ranging and captive 
populations (Robert & Schwanz 2013), and is also likely the case for eastern grey 
kangaroos due to differences in food composition and availability, as well as other 
environmental factors that are controlled in captive settings. Health parameters for 
specific demographics within kangaroo populations are useful because variation is 
likely to exist between kangaroos of different ages, genders and reproductive states 
as variation exists in other macropod species (Barnes, Goldizen & Coleman 2008; 
McKenzie, Deane & Burnett 2002; Takenaka et al. 1988). 
Typical health assessments include body condition scores, and haematology 
and blood chemistry parameters. Scores of body condition are used to assess the 





published for eastern grey kangaroos, and are routinely used to assess health in this 
species (Miller et al. 2010). While body condition score indices exist for free-ranging 
eastern grey kangaroos, only limited haematological data for eastern grey kangaroos 
has been published (Presidente 1978), and haematology and blood chemistry values 
have been published for only a single kangaroo infected with gamma-herpes virus 
(Wilcox et al. 2011). A lack of detailed health parameters for free-ranging eastern 
grey kangaroos, and hence adequate health monitoring, likely limits the effectiveness 
of management strategies. 
The overabundance of kangaroos results in multiple economical and 
environmental human-wildlife conflicts, as well as animal welfare issues. Economic 
issues caused by kangaroos include agricultural loss through crop grazing and 
competition with livestock, as well as the insurance and medical costs associated 
with kangaroo-induced vehicle collisions (Coulson et al. 2014; Descovich et al. 
2016). Environmental issues relating to increasing kangaroo populations include soil 
erosion, disruption of balance between plant and animal abundance, and loss of  
ecological biodiversity through selective grazing (Cheal 1986; Neave & Tanton 
1989). Kangaroos in overabundant populations often experience reduced body 
condition and reproductive success (Coulson 2009).  
As Australia’s largest terrestrial mammal, kangaroos are involved in a large 
proportion of wildlife-vehicle collisions. These collisions cause over 9 million 
macropod fatalities each year and result in costly vehicle damage, human injury and 
death (Barthelmess & Brooks 2010; Burgin & Brainwood 2008; Klöcker, Croft & 
Ramp 2006). Wildlife vehicle collisions are influenced by landscape features near 
the road (Fig. 1.8)  (Bashore, Tzilkowski & Bellis 1985; Hubbard, Danielson & 





incidence of wildlife road mortality and have been evaluated across multiple species 
but no species specific studies have evaluated the influence of landscape on kangaroo 
road mortality in temperate regions or peri-urban areas. 
 
Fig 1. 8. Eastern grey kangaroos grazing close to a roadside (Photo by Megan Fabian 
2016). 
Management of kangaroo populations can be a controversial topic as they are 
an iconic Australian species that are important for cultural identity and tourism, yet 
are also considered a pest species (Pople & Grigg 1999). Overabundant kangaroo 
populations have caused similar management issues to those caused by deer in North 
America and Europe (Côté et al. 2004; Porter 1992). Deer population density has 
been successfully reduced through culling, however approximately three million 





there is conflicting evidence for its effectiveness on long term kangaroo population 
density (Coulson 2009).  
Descovich et al. (2016) argues that many non-lethal methods of kangaroo 
management exist and could be used in place of or in conjunction with culling. 
Contraceptive implants and surgical sterilisation have both been used to successfully 
supress kangaroo populations, however the method involves the capture and handling 
of animals that have animal welfare implications (Descovich et al. 2015; Tribe et al. 
2014). Translocation is commonly used in the management of vulnerable species but 
is not generally considered appropriate for abundant species such as eastern grey 
kangaroos (Clayton et al. 2014; Higginbottom & Page 2010). Deterrents have been 
used to reduce kangaroo abundance in specific areas. Auditory deterrents have been 
found to be ineffective in reducing kangaroo abundance, however predator faecal 
odour repellents have been found to be highly effective in preventing crop grazing by 
eastern grey kangaroos (Bender 2003; Cox et al. 2015). 
1.4.2. Monitoring kangaroo populations  
Monitoring changes in density, behaviour and habitat use is essential for 
effective management of wildlife populations. Kangaroos can be monitored using 
multiple methods including on foot observation, tracking collars, and camera traps 
(Coulombe, Massé & Côté 2006; Rowcliffe et al. 2014). On foot observations of 
kangaroos have been used to assess population size and activity patterns (Caughley 
1964b; Coulson 1990; Southwell, Colin. 1987). Detection is possible from a distance 
as kangaroos are a relatively large species, however it is still important to minimise 
human disturbance or contact when monitoring an animal’s movements (Mech & 





There are practical limitations to following animals on foot for extended 
periods of time. Tracking collars can be fitted to animals for data collection on their 
movement by recording location fixes at predetermined intervals (Matthews et al. 
2013). This type of data can provide insight into the area travelled by the individual, 
and the amount of time spent in different locations (Matthews et al. 2013), as well as 
assessing home range and habitat use (Jaremovic & Croft 1987; Moore, Coulson & 
Way 2002). While monitoring animals using tracking collars reduces human 
influence during the tracking period, collaring free-ranging kangaroos requires 
invasive procedures including chemical restraint and handling when fitting the 
collars.  
Non-invasive monitoring methods like infra-red camera traps can be used to 
remotely monitor wildlife (Meek, Ballard & Fleming 2015). Infrared sensors detect 
rapid changes in surface temperature caused by movement, which triggers the 
camera to capture an image or video (Welbourne et al. 2016).The use of camera traps 
reduces any observer effects by eliminating human presence, making them useful for 
studying species sensitive to human activity, and their use is now common in 
conservation research (Meek et al. 2014; Trolliet et al. 2014). . Camera traps can be 
used to collect data on multiple individuals in a specific area, 24 hours per day, seven 
days per week, which cannot be achieved by other methods, and have been used to 
assess presence, abundance  and habitat use of numerous Australian mammal species 
(Meek et al. 2015; Old, Hunter & Wolfenden 2018). Larger species such as 
kangaroos are ideal candidates for camera trap monitoring because they are more 
easily detected by infra-red sensors (Rowcliffe et al. 2014). There are many 
advantages to using camera traps, including reduced disturbance to animals, and the 





researchers (Meek et al. 2014). Specialised tracking collars can also be used to 
remotely monitor wildlife, however this method provides less context and detail than 
images or videos and can only document movement and posture (Coulombe, Massé 
& Côté 2006). Collaring wild kangaroos is also more invasive than camera traps 
because it requires chemical restraint and handling.  
1.5. Aims 
In Australia, kangaroos are the largest terrestrial mammal species and 
generate many species management issues. Understanding the health parameters and 
behaviour of eastern grey kangaroos is key to the effective management of the 
species. The work within this thesis explores the health and behavioural ecology of 
free-ranging eastern grey kangaroos at two sites in NSW, Australia. One site was 
located in Richmond, Western Sydney NSW, and the other located in the Wolgan 
Valley, in central west NSW. The Wolgan Valley is surrounded by natural 
wilderness and was used as a comparison site to the Richmond study site which is 
located in an urban area. The research aims to explore aspects of health, behaviour, 
and management in free-ranging eastern grey kangaroos, including; 
1. Monitoring 
2. Activity in urban and natural environments 
3. Patterns in road mortality  
4. Population genetics  





1.6. Thesis outline 
The thesis is separated into seven chapters (including introduction and a 
discussion). Five of the following chapters are written as publications, and differ in 
format according to the journal they were submitted to. The following six chapters 
aimed at: 
Chapter 2: Evaluating whether camera traps are suitable for measuring 
activity patterns in eastern grey kangaroos  
Chapter 3: Examining how the behaviour of eastern grey kangaroos differs 
between areas surrounded by anthropogenic development in comparison to areas 
surrounded by natural wilderness  
Chapter 4: Exploring the spatial and temporal influences of road mortality of 
eastern grey kangaroos in an urban environment 
Chapter 5: Identifying the genetic relationships present in a free-ranging 
population of eastern grey kangaroos in an urban area 
Chapter 6: Investigating the health of eastern grey kangaroos, specifically 
determine baseline blood chemistry and haematology levels, verify the presence and 
levels of APPs, and examine the antibacterial response of serum in free-ranging 
eastern grey kangaroos. 
Chapter 7: Discusses the results from the previous chapters, draws 
conclusions and discusses recommendations and future directions for eastern grey 
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2. Is camera trap videography suitable for assessing 
activity patterns in eastern grey kangaroos? 
 









2.1. Chapter outline and authorship  
Chapter 2 examines the activity patterns of eastern grey kangaroos using video data from 
camera traps. The study was conducted to evaluate whether camera traps are suitable for 
measuring activity patterns in eastern grey kangaroos. The use of cameras for studying the 
behaviour of kangaroos is likely to reduce the observer effect and therefore provide more 
useful data. 
I am the primary and corresponding author of this jointly authored proof version of a paper 
accepted for publication. I conceived the initial proposal and I performed all field procedures 
and data analysis. I placed camera traps at varying locations at both sites, collected videos 
stored on cameras on a regular basis, and manually recorded behaviours observed on videos. 
I performed data handling and analysis. A/Prof Julie Old supervised the research and 
provided feedback on the developing manuscript. 
We would like to acknowledge and thank the editor and anonymous reviewers who provided 
feedback on the following manuscript prior to its acceptance by the journal. 
This chapter is a published paper and should be cited as: 
Green-Barber Jai M., Old Julie M. (2018) Is camera trap videography suitable for assessing 







Camera traps are frequently used in wildlife research and may be a useful tool for 
monitoring behavioural patterns. The suitability of camera traps to monitor behaviour 
depends on the size, locomotion, and behaviour of the species being investigated. 
The suitability of cameras for documenting the behaviour of eastern grey kangaroos 
was assessed here by comparing activity patterns collected using cameras to 
published activity patterns for the species. The activity patterns calculated from 
camera trap data were largely consistent with data from previous studies, although 
nocturnal activity appeared to be under-represented. Observations of unusual fighting 
behaviour illustrates the potential for camera traps to enable capture of novel 
observations. Kangaroo behaviour appeared to be influenced by the presence of 
cameras; however, no kangaroos retreated from cameras. Data suggested that 
kangaroos became habituated to cameras after eight months. The findings of this 
study suggest that camera traps are suitable for assessing the diurnal activity of 







Behavioural data from wildlife can be collected in multiple ways, including direct 
observation, tracking collars that record postures and camera traps (Coulombe et al. 
2006; Rowcliffe et al. 2014). Camera traps allow researchers to monitor wildlife 
without being physically present by using infrared sensors to trigger the camera. 
Infrared sensors detect electromagnetic radiation emitted from the surface of objects 
(Welbourne et al. 2016). When an object moves within the sensor’s detection zone it 
usually causes rapid changes in surface temperature, which triggers the camera to 
capture an image or video (Welbourne et al. 2016). Camera traps are useful for 
studying nocturnal species and species sensitive to human activity and their use is 
now common in conservation research (Trolliet et al. 2014). Camera traps have been 
used in Australia to assess the presence of various mammals (Meek et al. 2015b; Old 
et al. 2018). They have been used for various types of management-based research 
such as population surveys, road-crossing structure use and bait efficacy. However, 
relatively few studies have used camera traps to evaluate animal behaviour (Meek et 
al. 2015b). They have been used to evaluate activity patterns of some small and 
medium-sized mammals in the Northern Hemisphere such as rats, squirrels, 
armadillo and deer (Rowcliffe et al. 2014). Caravaggi et al. (2017) suggest that 
camera traps can be a useful tool for measuring the behavioural changes of animals 
in response to anthropogenic activity or other environmental factors. It is important 
to understand changes in animal behaviour to ensure that conservation and 
management initiatives are effective. 
Rowcliffe et al. (2014) found that cameras were better for assessing 
behaviour in some species than others and reported a higher detectability for larger 





patterns of kangaroos. Camera traps are likely suitable for evaluating activity 
patterns of eastern grey kangaroo (Macropus giganteus) because they are mostly 
large and highly detectable. Ecologically, eastern grey kangaroos serve important 
functions; for example, they are a source of food for predators such as dingoes 
(Canis lupus dingo), their browsing of native tree seedlings prevents woodland 
encroachment into grassland habitats and their selective grazing influences the 
presence of invertebrates and vertebrates by maintaining shorter grasses (Jarman and 
Southwell 1986; Neave and Tanton 1989; Webb 2001). 
Kangaroo populations can rapidly increase when resources are abundant 
(Adderton Herbert 2004; Descovich et al. 2016). Overabundance of kangaroos can 
result in multiple management issues, including detriment to human life/livelihood, 
decline of other species in the area, reduced body condition and reproductive 
success, and disruption of the balance between plant and animal numbers (Coulson 
2009). Due to their increased distribution and abundance, it is important to 
understand the behaviour of this species so that effective and informed management 
strategies can be developed. 
The activity patterns of kangaroos were first quantified by Caughley (1964), 
using direct observations on foot and recording the number of kangaroos either lying 
down, or participating in an activity (such as foraging). The study by Caughley 
(1964) was conducted when eastern and western grey kangaroos (Macropus 
fuliginosus) were considered one species so it is unclear whether one or both species 
were included in these observations. Multiple studies have reported on activity 
patterns in more detail since Caughley (1964). Clarke et al. (1989) and Southwell 
(1987) recorded the proportion of time that kangaroos spent on various behaviours in 





kangaroos in identical environmental conditions to assess the effect of group size on 
activity budgets. Although activity patterns have been previously reported in this 
species, variation is likely to exist between populations and over time. 
Eastern grey kangaroos are a prey species and therefore it is likely that the 
presence of human observers would have a notable effect on their activity patterns. 
Camera traps are likely to provide more detailed behavioural data than radio-collars 
that only detect movement and postures (Coulombe et al. 2006) and reduce observer 
effects by eliminating any influence of human presence (Meek et al. 2014). 
However, Meek et al. (2014) suggest that most mammals can see the infrared 
illumination emitted by camera traps. Many mammal species are also able to hear the 
sounds emitted from the camera; however, other noises present in the environment 
and distance from the cameras are likely to reduce the detectability of the camera 
sounds (Meek et al. 2014). The illumination and sounds from camera traps have been 
shown to influence the behaviour of some species (Se´quin et al. 2003; Wegge et al. 
2004; Schipper 2007). If animals avoid areas with camera traps this could result in 
misleading data, particularly in capture–recapture studies (Meek et al. 2015a). There 
are no published data on how eastern grey kangaroos react to the presence of camera 
traps. It is important to understand how different species react to the presence of 
camera traps when evaluating data. 
In this study we assessed whether camera trap videography can be reliably 
used to describe the behaviour of free-ranging eastern grey kangaroos. Activity 
pattern data obtained using camera traps were compared with those reported in 






Data collection was conducted from September 2014 to August 2016 at two sites in 
New South Wales. One site was located at Yarramundi Paddocks at Hawkesbury 
campus of Western Sydney University, which consisted of 308 ha of pasture, 
grassland, marshes, and open woodland. The second site was located at the Emirates 
One and Only Wolgan Valley Resort, Newnes, New South Wales, and consisted of a 
conservation reserve at an eco-resort situated on 1619 ha of grasslands, woodlands 
and riparian areas surrounded by national parks and sandstone cliffs. 
We used the infrared camera traps (model BTC-1XR, Browning, Utah) 
available to us to monitor eastern grey kangaroos at both sites. Camera traps were 
pilot tested for a period of two weeks using different camera placements and settings. 
Videos were examined to assess the most effective camera placement and settings for 
capturing footage of kangaroos. Camera traps were placed at 35 locations across the 
two sites and were distributed evenly throughout three habitat categories. The habitat 
categories were grassland (predominantly grass; 11 cameras), woodland 
(predominantly shrubs and trees; 12 cameras) and fringe habitats (a mix of grasses, 
shrubs and trees that occurred between grassland and woodland habitats; 12 
cameras). All cameras were attached to trees or fence posts ~120 cm from the ground 
in areas with flat terrain. 
All cameras were set to record 1-min videos with a 3-min delay following 
each video. We chose to use a delay setting after each recording to avoid repeat 
capture of a single event, and we chose a short delay of 3 min to avoid missing 
important data because kangaroos can move very quickly and many kangaroos may 





temperature. Further data were manually recorded from videos, including group size 
and behavioural occurrences. Behaviour categories used were from Green-Barber 
and Old (2018a) (Table 2.1). The first author transcribed data from all videos. The 
entirety of each video was checked for the presence of eastern grey kangaroos. The 
number of kangaroos displaying each behaviour at each 10-s interval throughout 
each video was recorded. Activity patterns were determined by examining the 
varying activity levels at different times of day and during different seasons. 
Findings were compared with data from Clarke et al. (1989) and Southwell (1987). 
Kangaroos that appeared to react to the presence of camera traps were recorded. 
Potential behaviours regarded as reacting to the presence of the camera included: 
looking (looking at the camera for an extended period while standing still), 
investigating (moving around the camera, looking at it closely), sniffing (sniffing the 
camera repeatedly), and retreating (exiting the area upon noticing the camera). 
Data were analysed using descriptive statistics (Microsoft Excel). The 
number of observations that occurred in each hour of the day and night were used to 
graph activity patterns throughout the study period and for separate seasons. The 
percentage of observations recorded by cameras in each habitat category was used to 
assess which areas were utilised most often. The percentage of videos containing 
each group size was calculated, as was the mean group size, range, and variance. The 
percentage of observations that contained each type of behaviour was calculated for 
different seasons and times of day. The number of times kangaroos reacted to 
cameras at different times of day and night and over the first 12 months of the study 
was included. Range and variance were calculated for the number of times that 





statistical techniques were not used as they were not considered appropriate for this 
dataset. 
2.4. Results 
The cameras recorded a total of 13572 videos; however, only 3603 (26.55%) 
contained visible eastern grey kangaroos. Videos that did not contain any visible 
kangaroos were assumed not to be triggered by kangaroos and appeared to be 
primarily triggered by non-target species (36.04%), or weather-related disturbances 
(37.42%), such as plants moving in the wind, rain and sunrise. Detection distance 
estimates were measured using landscape features close to kangaroos. Cameras were 
effective in detecting kangaroos at a range of distances during the day (up to ~30 m) 
and at shorter distances at night (up to ~10 m). 
Activity in all seasons peaked between 0400 and 1100 hours, generally 
decreased in the middle of the day, and increasing again between 1400 and 1800 
hours (Green-Barber and Old 2018a). The least activity was observed between 1700 
and 0300 hours. Specific peak times varied between seasons with activity peaking 
earlier in spring and summer. 
Table 2. 1. Categories used to record the behaviour of kangaroos 
Taken from Green-Barber and Old (2017a) 
Behaviour category Description 
Vigilance Stands on hind legs with the body in an upright position 
and the head either turning to scan the environment or still 
with only the ears moving. 
Feeding Any active uptake or chewing of food 
Travelling Multiple consecutive pentapedal or bipedal movements 
Resting Animal lies on the ground 





Affinitive interaction Any non-aggressive and non-reproductive interaction 
between adult kangaroos, including; sitting or feeding in 
contact, allogrooming, social sniffing or licking. 
Agonistic interaction Any aggressive touch, movement or growl 
Reproductive 
interaction 
Any interaction relating to reproduction, including; males 
closely following females, males nosing the cloaca or 
pouch of a female, males having an everted and erect 
penis, and intromission. 
Mother-young 
interaction 
Any interaction between a female kangaroo and it’s young 




Fig. 2. 1. The proportion of time that eastern grey kangaroos spent on each activity 
over 24 h: (a) summer, (b) autumn, (c) winter, (d) spring. 
Lying down and self-grooming occurred primarily in the middle of the day 
and lying down was most frequent around noon in all seasons (Fig. 2.1). More time 
was spent lying down in summer (Fig. 2.1a) than in other seasons; however, lying 
down occurred later in the day in autumn (Fig. 2.1b). The most common nocturnal 





common nocturnal behaviour in winter (Fig. 2.1c) was vigilance; however, there 
were some gaps in the data with no sightings in some nocturnal hours for winter and 
autumn. Travelling was most common in the early morning during summer and in 
the early morning and evening in autumn and spring. Feeding and travelling occurred 
in the early morning and mid-afternoon during winter. Feeding also occurred around 
the middle of the day in spring (Fig. 2.1d).  
The mean group size was 2.9 kangaroos (statistical range = 19, variance = 
6.63). The most commonly observed group size was 1–3 kangaroos across all 
seasons and times of day. A greater proportion of groups containing 4–15 kangaroos 
was observed in winter ( Fig. 2.2a). Groups of over 16 kangaroos were rare and were 
observed only in autumn and spring. Groups containing 1–6 kangaroos were most 
frequently observed between 0400 and 1000 hours ( Fig. 2.2b). Larger group sizes 






Fig. 2. 2. The percentage of occurrences where different group sizes were observed 
(a) across different seasons and (b) at different times of day.  
Social interactions between kangaroos were rarely observed and occurred in 
only 3.6% of recordings. Agonistic interactions were the most common kind of 
interaction observed, followed by reproductive interactions and affinitive interactions 






Fig. 2. 3. The percentage of occurrences where each type of interaction was 
observed. 
Mother–young interactions were the least commonly observed type of interaction. 
The most common type of interaction observed in summer was related to 
reproduction. In autumn agonistic interactions were the most common interaction 
type and in spring affinitive interactions were the most common type of interaction ( 
Fig. 2.4a). No interactions were observed during winter. Agonistic and reproductive 
interactions occurred most frequently between 0400 and 0900 hours ( Fig. 2.4b). 
Affinitive and mother–young interactions occurred most frequently between 0800 
and 1000 hours. Fighting behaviour included boxing (striking opponent with 
forelimbs) and kicking (striking opponent with hind limbs). Most fights observed 
involved two large males (89%); however, some fights involved two small males 
(7%) or two males of different size (4%). Boxing and kicking behaviours were 
observed during all fights involving large males and males of different sizes, whereas 
only boxing was observed during fights between two small males. Fights involving 
two small males were most frequent in summer (4%) and also occurred in autumn 
(2%). Fights involving different sized males occurred equally in summer and spring 
(2%). Most fights between small males were observed between 0500 and 0900 hours 





and afternoon. One fight involving two small males and one large male was also 
observed. 
 
Fig. 2. 4. The percentage of occurrences where each type of interaction was observed 







Fig. 2. 5. The number of kangaroo reactions to camera recorded (a) during the 
months following deployment of the cameras, and (b) during different times of the 
day. 
There were 128 instances (3.55% of observations) of kangaroos reacting to 
the presence of the camera traps. The most common reaction was looking (51.56%), 
followed by investigating (45.31%). A small proportion of videos showed kangaroos 
sniffing the camera repeatedly. No retreating in reaction to the camera was observed. 
A small number of tagged kangaroos were present at the sites as part of another study 
(Green-Barber and Old 2018b) and one tagged female kangaroo was captured by the 
same camera seven times. Other tagged kangaroos were captured on camera only 
once or not at all. Kangaroos reacted to cameras in a range of locations (statistical 
range = 9, variance = 25.40). Most videos showing kangaroos reacting to the camera 





Only one video of a kangaroo reacting to a camera occurred within the first 
month, when a solitary kangaroo repeatedly sniffed the camera at 0604 hours. Small 
increases in the number of observed reactions to the camera occurred ,1 and 3 
months after cameras were deployed and no reactions to cameras were observed 
more than 8 months after cameras were deployed. Most reactions to cameras 
occurred between 0200 and 0900 hours, peaking at, 0600 hours ( Fig. 2.5b). 
Kangaroos reacted to the presence of cameras in 14 of the 35 locations. Most 
reactions to the camera occurred in grassland habitats (42.86%), closely followed by 
woodland habitats (35.71%). 
2.5. Discussion 
Infrared camera traps captured videos suitable for assessing some activity patterns of 
eastern grey kangaroos. A wide variety of solitary and social behaviours were 
captured by the video recordings. Diurnal activity patterns were well represented in 
videos; however, the observed level of nocturnal activity was lower than expected. 
Some instances of kangaroos reacting to cameras were observed. 
Eastern grey kangaroo activity increased around dawn and dusk and 
decreased around midday, which is consistent with the findings of other studies 
(Caughley 1964; Southwell 1987; Clarke et al. 1989). The data also showed a decline 
in overall activity between 1700 and 0300 hours. Conversely, other studies have 
found that eastern grey kangaroos are very active at night, with most feeding 
occurring during that time (Caughley 1964; Southwell 1987). Lying down and self-
grooming occurred primarily during daylight hours, which is consistent with 
Southwell (1987) and Clarke et al. (1989). More time was spent lying down in 





al. (1989) found that kangaroos spent more hours feeding in winter. Longer feeding 
periods in winter were not observed in the camera data from this study; however, 
there were no recordings for some nocturnal hours during winter. Feeding and 
vigilance were the most commonly observed nocturnal behaviours. Travelling was 
most common around the early morning and evening in most seasons, which is 
consistent with Southwell (1987) and Clarke et al. (1989). 
It is possible that nocturnal activity was under-represented in the data due to 
the shorter detection distance of camera traps at night, as described by Rowcliffe et 
al. (2014). The kangaroos were reasonably close to the camera for all night 
recordings, whereas many of the recordings during the day were triggered by 
kangaroos at a much greater distance. As kangaroos are relatively large animals they 
are likely to be detected by cameras at a greater distance (Rowcliffe et al. 2011), 
which may lead to increased detection rates during the day. The differences between 
diurnal and nocturnal detection rates by the cameras may explain why there was less 
nocturnal activity observed compared with previous studies. The under-
representation of nocturnal activity in camera trap data may also be due to kangaroos 
foraging in different areas further from the cameras at these times. Southwell (1987) 
found that feeding occurred during nocturnal hours as well as early morning and late 
afternoon, which is consistent with the findings from the camera data. If nocturnal 
behaviour is under-represented in the camera data then it is likely that feeding 
behaviour, in particular, will be under-represented. However the proportion of 
feeding behaviour observed, during nocturnal hours, appears to be similar to Clarke 





The mean group size was 2.9 kangaroos, which is similar to the mean number 
per group of 3.3 reported by Caughley (1964). Larger groups were observed more 
during winter than other seasons, which may be due to restricted food availability. 
Kaufmann (1974) suggested that seasonal group size variation in the whiptail 
wallaby (Macropus parryi) was due to the concentration of individuals around 
limited high-quality foraging areas during winter. Larger groups were most common 
during the middle of the day, which has been previously reported for eastern grey 
kangaroos (Clarke et al. 1995). 
Agonistic interactions were the most common kind of interaction observed, 
followed by reproductive interactions and affinitive interactions. Agonistic and 
reproductive interactions occurred most frequently in the early morning when the 
kangaroos were most active overall. Seasonal variation in resource availability 
appears to influence reproductive and agonistic interaction rates. Reproductive 
interactions were most common in summer and spring and were consistent with 
Southwell (1984). Agonistic behaviour occurred more frequently at times when 
reproductive activity was low. Newsome (1966) found that the reproductive 
behaviour of red kangaroos (Macropus rufus) was more frequent when food 
abundance was high, which was dictated by rainfall. The findings of this study also 
suggest that reproductive behaviour in eastern grey kangaroos is more frequent 
during seasons with higher rainfall when food is most abundant. Agonistic behaviour 
may be increased when food abundance is low due to increased competition for 
resources. 
Some fights between males of different sizes were observed. A fight 





behaviour in kangaroos usually occurs between males of the same size (Coulson et 
al. 2006). The presence of these observations in the video data illustrates the value of 
camera traps in documenting rare or difficult-toobserve behaviours. 
No interactions were observed during winter despite large groups being 
observed more commonly. As kangaroos were in larger groups they would 
presumably encounter each other more frequently and therefore it was unexpected 
that no interactions were observed. However, only 10.16% of captured footage of 
kangaroos occurred during winter and therefore the lower number of observations 
captured during this time may explain why no interactions were observed. The lower 
number of observations during winter may be a result of kangaroos travelling further 
from the study site. Previously, Green-Barber and Old (2018c) found that road 
mortalities were more frequent during winter at this site and suggested that the 
reduced food availability in winter led to kangaroos travelling further and crossing 
roads more frequently to access resources. 
Research has shown that the light and sounds emitted by camera traps can be 
detected by some species (Meek et al. 2014). In this study there were many instances 
where kangaroos appeared to react to the camera’s presence, which may have 
influenced their behaviour, hence affecting the data. Most reactions to the camera 
involved looking directly at it for an extended period, followed by investigation. 
Kangaroos did not begin to investigate cameras until they had been in place for at 
least one month and they stopped investigating cameras after eight months. Meek et 
al. (2016) suggested that scents left when placing cameras cause animals to respond 
to the presence of cameras. Macropods have an acute sense of smell due to their 





inadvertently left by researchers may have deterred kangaroos from approaching 
cameras for the first few weeks of this study. Wild animals often instinctively avoid 
human activity; however, repeated exposure to human stimulus can lead to 
habituation of individuals (Wheat and Wilmers 2016). Kangaroos likely became 
habituated to the cameras after eight months, when no more reactions to cameras 
were observed. Larrucea et al. (2007) similarly found that the capture rate of coyotes 
(Canis latrans) was influenced by whether animals had become accustomed to the 
presence of cameras. 
Kangaroos appeared to be more aware of cameras at certain times of the day. 
Reactions to cameras occurred most frequently between 0200 and 0900 hours and 
peaked at ,0600 hours. It is likely that kangaroos became more aware of cameras 
when it is dark as infrared light emitted from the cameras was more visible to 
kangaroos at this time. Meek et al. (2014) states that nocturnal animals with vision 
adapted to night light can see infrared light. Alternatively, the higher number of 
reactions during the early morning may simply be because this was when they were 
most active. 
Despite the high proportion of camera locations where kangaroos appeared to 
be aware of the cameras, only a small number of videos showed kangaroos reacting 
to the cameras. No evidence of adverse reactions to cameras was observed; however, 
as most of the kangaroos were not individually identified, it was not possible to 
quantify how many repeat visits were captured. 
There are many advantages to using camera traps for wildlife research. 
Camera traps may disturb the animal less, and hence have decreased influence on 





animals that are sensitive to human presence (Trolliet et al. 2014), such as eastern 
grey kangaroos. Videos can provide more detail and context than specialised tracking 
collars, which can only document movement and posture (Coulombe et al. 2006). 
Cameras are also less invasive than collaring animals. Collaring wild kangaroos 
requires invasive methods including chemical restraint during capture and handling, 
which sometimes leads to capture myopathy (Green-Barber et al. 2018). Camera 
traps allow for point location observation 24 hours per day, seven days per week, 
which cannot be achieved by other methods and can provide data during inclement 
weather without posing any safety risks to researchers; however, the findings of this 
study indicate that the weather and time of day may influence capture rates. 
The use of camera traps to capture behaviour and activity patterns has some 
limitations. A high proportion of videos did not contain the target species; this has 
been noted in previous studies (Newey et al. 2015). Newey et al. (2015) suggested 
that strong winds and moving vegetation are likely to cause increased false triggers 
of camera traps. Additional sampling error may occur if animals within a sampling 
area do not enter the camera’s detection zone, or if an animal within the detection 
zone fails to be detected by a camera (Burton et al. 2015). Cameras are restricted to 
recording whatever is directly in front of the sensors so details and behaviours 
occurring just outside the frame would be missed. The physical limitations of camera 
trap detection zones means that data may over represent behaviours that occur within 
the detection zone and underrepresent behaviours that occur in other areas. 
Recordings from camera traps have timers and stop recording after a set period of 
time and hence likely miss observations, however it is likely that cameras would 





Despite the limitations, the activity patterns of eastern grey kangaroos 
obtained from camera traps were largely consistent with data collected from previous 
studies conducted on foot. Overall nocturnal activity appeared to be 
underrepresented, however the behaviours observed during nocturnal hours were 
proportionately consistent with other studies. Seasonal variation in group size and 
rates of certain interactions were also consistent with other studies. Novel 
observations of unusual fighting behaviour illustrate the potential for camera traps to 
capture observations of rare or difficult-to-observe behaviours. Kangaroos appeared 
to react to cameras in some recordings, which influenced their behaviour. Kangaroos 
were more aware of cameras around dawn and it is likely that they can see the 
infrared light emitted from the cameras; however, no kangaroos retreated and they all 
became habituated to cameras after eight months. 
On the basis of the findings of this study, camera traps are suitable for 
assessing the diurnal activity of eastern grey kangaroos and their use as a tool for 
monitoring changes in behavioural patterns is supported. Knowledge of the 
advantages and limitations of using camera traps to monitor kangaroos will enable 
wildlife managers to make optimal use of this tool for monitoring behavioural 
changes. Monitoring of behavioural variations within and between populations is 
essential for evaluating how different environmental factors, such as urban 
development or climate change, may affect this species. 
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3. Town roo, country roo: a comparison of behaviour in 
eastern grey kangaroos Macropus giganteus in 
developed and natural landscapes 
 









3.1. Chapter outline and authorship  
After illustrating the usefulness of camera trap video data in assessing eastern grey kangaroo 
behaviour in chapter 2, chapter 3 uses video data to compare their activity patterns between a  
anthropogenically developed site and natural site. The developed site was located at 
Yarramundi Paddocks, Hawkesbury Campus, Western Sydney University NSW, and the 
natural site was located at the Wolgan Valley Resort and Spa, Wolgan Valley, NSW. The 
study was conducted to explore how the activity patterns of kangaroos differ in a developed 
landscape that has been modified by human activity. Knowledge of the behavioural 
differences of kangaroos in modified landscapes is required for developing strategies to 
reduce the impacts of anthropogenic development on kangaroo populations. 
I am the primary and corresponding author of this jointly authored manuscript that is under 
review for publication at the time of writing this thesis. I conceived the initial proposal and 
performed all field procedures and data analysis. I placed camera traps at varying locations at 
both sites, collected videos stored on cameras on a regular basis, and manually recorded 
behaviours observed on videos. I performed data handling and analysis. A/Prof Julie Old 
supervised the research and provided feedback on the developing manuscript. 
We would like to acknowledge and thank the editor and anonymous reviewers who provided 
feedback on the following manuscript prior to its acceptance by the journal. 
This chapter is a paper under review for publication and should be cited as: 
Green-Barber Jai M., Old Julie M. (2018) Town roo, country roo: a comparison of behaviour 
in eastern grey kangaroos Macropus giganteus in developed and natural landscapes. 







Many species have adapted their behaviour to survive in anthropogenically 
developed environments (hereafter referred to as developed). Eastern grey kangaroos 
Macropus giganteus are common in developed areas, however very few studies have 
evaluated their behavioural adaptations to developed landscapes. This study 
compared the behaviour of eastern grey kangaroos in a developed environment to 
those surrounded by a natural environment. Data were collected using infra-red 
camera traps that recorded one minute videos. Population density was calculated 
using pellet counts. The population of eastern grey kangaroos at the developed site 
had a higher density, spent more time in larger groups, and had an earlier peak 
activity time than those at the natural site. More vigilance and less feeding were 
observed at the developed site. A positive relationship between population density 
and group size was observed. The higher population density at the developed site is 
likely to be due to increased resources and restricted dispersal. Kangaroos in 
developed environments may be active earlier in the day in response to human 
activity occurring later in the day, and artificial lighting (street lighting) likely 
impacted nocturnal activity. Increased vigilance may be due to increased human 
activity, and visual barriers in developed landscapes that reduce the line of sight. 
Reduced feeding time is probably due to the increased nutritional content of pasture 
grasses at the developed site. Knowledge of the behavioural differences of kangaroos 






Anthropogenic development removes natural habitats and creates grey spaces 
(buildings and hard surfaces) and green spaces (managed vegetation such as gardens, 
lawns, paddocks) (McDonnell and Pickett 1990). Some wildlife are sensitive to 
development, while other species, including eastern grey kangaroos Macropus 
giganteus, have successfully adapted to occupy these developed areas, and their 
population expands as resources have increased (Coulson et al. 2014; Richardson 
2012). High numbers of eastern grey kangaroos may occur in rural and developed 
areas where farming land is adjacent to woodland (Coulson et al. 1999). These 
populations can rapidly increase when resources are abundant (Adderton Herbert 
2004; Descovich et al. 2016) and barriers such as fencing restricts dispersal, leading 
to high population densities (Adderton Herbert 2004; Coulson 1998; Coulson 2001; 
Southwell 1984a). Increased food availability in developed areas may lead to a rise 
in population densities, and higher reproduction rates leading to further density 
escalation as seen in other macropods (Chambers and Bencini 2010; Schwanz and 
Robert 2012). Greater numbers of kangaroos leads to multiple issues, including 
vehicle collisions (Bond and Jones 2014; Green-Barber 2018), effects on agriculture 
(Coulson et al. 2014; Descovich et al. 2016), attacks on people and pets (Henderson 
et al. 2017), and environmental impacts, including soil erosion and biodiversity loss 
(Cheal 1986; Neave and Tanton 1989). 
The behaviour of wildlife species in human modified environments becomes altered 
in many ways including changes to temporal activity patterns, spatial distribution, 
and habitat use (Ditchkoff et al. 2006). There are multiple examples of wildlife 





Procyon lotor altering their feeding and dispersal patterns (Prange et al. 2004), and 
Florida scrub-jays Aphelocoma coerulescens modifying their feeding and 
reproductive patterns (Fleischer Jr et al. 2003). Although eastern grey kangaroos are 
common in many developed areas, relatively few populations have been studied 
(Coulson et al. 2014). Few studies have directly compared the activity patterns of 
eastern grey kangaroos in developed and natural landscapes. The expansion of urban 
development across NSW is likely to have a profound effect on eastern grey 
kangaroo numbers and behaviour and it is essential to understand these effects in 
order to develop informed management strategies. This study evaluates how the 
behaviours differ between eastern grey kangaroos inhabiting active farmland 
surrounded by a developed environment and those inhabiting former farmland 
surrounded by pristine wilderness. 
3.3. Methods 
Data collection was conducted from December 2013 - August 2016 at two sites (Fig. 
3.1) in NSW, an active farmland site surrounded by a developed environment 
(hereafter referred to as developed), and a former farmland site surrounded by 
pristine wilderness (hereafter referred to as natural). The developed site was located 
at Yarramundi Paddocks at the Hawkesbury campus of WSU (33°36'47.85 "S/ 
150°43'47.429 "E). The campus is located in the peri-urban suburb of Richmond in 
the outer western suburbs of Sydney NSW that has an elevation of 19 m above sea 
level. Yarramundi paddocks consist of 308 ha of pasture, grassland, marshes and 
open woodland. Pastures at the developed site are used for grazing cattle. The 
developed site was fragmented by the surrounding landscape by roads and buildings. 





Newnes, NSW (33°13'41.02 "S/ 150°11'47.757 "E). The Wolgan Valley is a largely 
undeveloped area surrounding the Wolgan River in central west NSW. The natural 
site consisted of a conservation reserve at an eco-resort situated on 1619 ha of 
grasslands, woodland and riparian areas surrounded by National Parks and sandstone 
cliffs with an elevation of 551 m above sea level. The natural site was not 
fragmented from the surrounding landscape and contained limited buildings or roads.  
Temperatures at the developed site ranged between 2.6°C and 41.7°C, and 
temperatures at the natural site ranged between -6.4°C and 33.3°C. Mean annual 
rainfall at the developed site was 834 mm, and at the natural site was 813 mm. 
Temperatures varied throughout the seasons. 
Infra-red camera traps (model BTC-1XR, Browning, Utah) were placed at 23 
locations at the developed site and 12 locations at the natural site (Fig. 3.1). The 
infra-red sensors in these camera traps detect changes in surface temperature caused 
by the presence of animals and triggers the camera. The use of these cameras has 
been demonstrated as effective in measuring activity in this species (Green-Barber 
and Old 2018). Due to physical barriers in the developed landscape multiple cameras 
were placed in separate but nearby locations facing various directions to ensure 
broad coverage of the site. Some cameras were adjusted due to plant growth and 
cattle at the developed site throughout the study. Adjustments included returning 
cameras to their approximate original position if they were substantially moved by 
cattle brushing against them, and repositioning the height of cameras where 
vegetation had grown to obscure the sensor or lens. Multiple cameras at the natural 
site were placed in the same location facing alternating directions as these locations 





different approaches in camera placement, the number of separate locations with 
cameras was much lower at the natural site, however the number of camera angles 
and time the cameras were actively recording were comparable. Vegetation within 
the sites was categorized as either grassland (dominant vegetation grass), woodland 
(dominant vegetation shrubs and trees), or fringe (dominant vegetation a mix of 
grasses, shrubs and trees that occurred where grasslands and woodlands met). 
Cameras were placed as evenly as possible throughout the sites and vegetation areas 
but variation occurred due to accessibility and availability of a suitable tree or fence 
post to attach cameras (Table 3.1).  
Cameras were set to record 1 min videos each time the sensor was triggered, with a 3 
min delay following each video to avoid repeated documentation of the same event, 
and based on the methods used by Green-Barber and Old (2018). Cameras 
automatically recorded the time, date and temperature. Further data were manually 
recorded from videos, including group size and behavioural occurrences (Table 3.2). 
Activity levels were calculated by recording the number of kangaroos exhibiting 
each behavioural category at 10-s intervals throughout each video, and activity 
patterns were calculated by examining the varying activity levels at different times 
which were then compared between sites. The sex of kangaroos was recorded where 
possible, however large males, and females with visible pouch young, were much 
easier to visually determine the sex, than small males and females with no visible 
pouch young. Due to this potential data bias, sex was not included as a variable in 
analysis. Statistical range and variance were calculated using Microsoft Excel for 
cameras within in each vegetation area, activity patterns at different times of day, 





Population density indices were estimated using the pellet counting method outlined 
by Meers and Adams (2003), and the pellet production rate (493/day) published by 
Johnson and Jarman (1987). Circular plots (20m2, developed=15, natural= 12) were 
setup along randomly selected 300m long transects (developed= 5, natural= 4) at 
150m intervals between December 2013-August 2014. The direction of transects 
were positioned to include all three vegetation types. The number of pellets present 
in each pre-cleared plot after 14 days was recorded and means were used to estimate 
the population density index for each site.  
3.4. Results 
3.4.1. Vegetation 
Kangaroos at the developed site spent most time in woodland/grassland fringe areas 
(range=78, variance= 833), followed by grassland (range=136, variance= 2838), with 
the least amount of time in woodland (range=100, variance= 1845). Kangaroos at the 
natural site spent most time in grasslands (range=297, variance= 22742), and 
approximately equal time in woodland (range=196, variance= 8926), and 
woodland/grassland fringe areas (range=176, variance= 6856) (Fig. 3.2). No 
individual kangaroo was followed for a 24 h period in this study, thus data are based 
on observations of many kangaroos and it cannot be known if the same kangaroos 
were present in multiple observations. 
3.4.2. Time of day and temperature 
Kangaroos at both sites were most active in the early morning and least active late at 
night (Fig. 3.3). The term active is used here to refer to camera detection of 





developed site were most active between 0400-0900 hours (range=161, variance= 
2295), and those at the natural site were most active between 0600-1100 hours 
(range=178, variance= 2554). Activity levels declined in the middle of the day and 
increased again slightly in the late afternoon/evening. The activity levels of 
kangaroos at the developed site increased between 1400-1600 hours (shortly before 
dusk), and at the natural site increased later, between 1600-1800 hours (around 
dusk). Kangaroos at the developed site were more active between 11-25 °C, 
compared to the natural site where they were more active between 6-20 °C (Fig. 3.4). 
3.4.3. Season 
For both sites, activity was more evenly spread throughout the day in summer, but 
peaked around the middle of the day in winter (Fig. 3.5). At the developed site, 
activity in autumn peaked between 0600-1100 hours, and activity in spring peaked 
between 0300-1000 hours. The natural site had greatest activity in autumn between 
0600-1100 hours, and activity levels in spring were highest between 0300-1000 
hours.  
3.4.4. Group size and density 
The population density at the developed site was 4.6 kangaroos/ha, and the natural 
site was 1.3 kangaroos/ha. Group size was determined by counting the number of 
kangaroos visible in each video. The mean group size was determined by calculating 
the mean group size from all videos at each site. Mean group size at the developed 
site was 3.45 (range=19, variance= 9) and the natural site was 2.36 (range=13, 





1-5 individuals, however kangaroos at the developed site spent more time in larger 
groups (6-15 members) compared to those at the natural site. 
3.4.5. Vigilance, feeding, travelling, resting, and self-grooming 
Kangaroos at both sites spent the majority of time feeding and being vigilant. 
Kangaroos at the developed site spent slightly less time feeding (range=55, variance= 
1513) and more time being vigilant (range=322, variance= 51842) compared to those 
at the natural site (Fig. 3.7). Those at the developed site also spent more time lying 
down than those at the natural site (range=214, variance= 22898). More travelling 
behaviour was observed at the natural site compared to the developed site 
(range=122, variance= 7442).  
3.4.6. Interactions 
More agonistic interactions (such as displacement or fighting) were observed at the 
developed site compared with the natural site (range=32, variance= 502). Kangaroos 
at the natural site participated in non-aggressive social interactions more frequently 
than at the developed site, including affinitive (range=21, variance= 273) and 
reproductive (range=10, variance= 46) interactions (such as allogrooming or social 
sniffing) (Fig. 3.8).  
3.5. Discussion 
The behaviour of eastern grey kangaroos at a developed and natural site were 
compared. The overall activity levels peaked earlier at the developed site than at the 
natural site. Kangaroos at the developed site spent most of their time in 





kangaroos at the natural site spent most of their time in grassland with a smaller 
mean group size of 2.36 individuals. The population density at the developed site 
was much higher than at the natural site. More vigilance and agonistic interactions, 
and less travelling and feeding behaviour were observed at the developed site. 
The fragmented nature of developed areas causes animals to adjust their landscape 
use patterns in order to access adequate resources (Ditchkoff et al. 2006). The 
developed site contained a smaller area of woodland that was utilized less than the 
larger unfragmented woodland at the natural site. The smaller woodland area at the 
developed site may mean that there is less area suitable for use by this species. The 
developed site consists of agricultural pastures that are used for grazing cattle, and it 
is likely that the forage quality is higher than at the natural site which is no longer 
used for livestock grazing and not fertilized. The abundant high quality vegetation in 
developed areas may improve foraging efficiency (Ditchkoff et al. 2006). The 
improvement of foraging efficiency has been shown to influence distribution of large 
herbivores (Langvatn and Hanley 1993) and may explain why the kangaroos spent 
less time feeding at the developed site. It is likely that a greater proportion of area at 
the developed site contained higher quality forage, enabling kangaroos to feed in 
these areas and avoid venturing too far from the tree line. Furthermore, the higher 
temperatures at the developed site may have caused kangaroos to seek out shade 
more frequently. Western grey kangaroos Macropus fuliginosus have been shown to 
have a low tolerance for being in direct sunlight during high temperatures and it is 
likely to be similar for eastern grey kangaroos as they have similar habitat 





The findings of this study are consistent with other studies that have found that 
eastern grey kangaroo activity increases around dawn and dusk, and decreases 
around midday (Caughley 1964; Clarke et al. 1989; Southwell 1987). Very few night 
time observations were recorded in this study. Conversely, other studies have found 
that eastern grey kangaroos are very active at night with most feeding occurring 
during that time (Caughley 1964; Southwell 1987). The kangaroos were reasonably 
close to the camera in all night recordings, whereas many of the recordings during 
the day were triggered by kangaroos at a much greater distance from the camera. 
Previous studies have shown that camera trap detection distances are shorter at night 
(Rowcliffe et al. 2014), and therefore camera trap data will underrepresent the 
nocturnal activity of kangaroos. The seasonal variations observed in this study were 
consistent with Southwell (1987), whereby activity levels of eastern grey kangaroos 
peaked earlier in summer and spring compared to autumn and winter. 
Activity of kangaroos at the developed site may peak earlier to avoid human activity 
during the day. Many species have been found to temporally adjust their activity 
patterns in developed areas to avoid human activity (Ditchkoff et al. 2006). The 
types of human activities present are likely to influence the degree to which wildlife 
avoids humans. The natural site is more frequently utilised by humans on foot for 
bush walking and wildlife watching, photography, and associated eco-tourism 
activities. The human activity at the developed site in comparison to the natural site 
often involves vehicles. Kangaroos at the natural site are therefore more likely to be 
habituated to humans on foot when compared to kangaroos at the developed site. 
Animals that are more habituated to humans are less likely to adjust their activity 





activity, which may explain why less vigilance and later peak activity times were 
observed at the natural site. Artificial lighting, such as street lighting, has also been 
shown to impact the movement of eastern grey kangaroos within the landscape at this 
developed site (Green-Barber 2018), and likely impacts nocturnal activity. The 
differences in altitude and average temperature between sites is likely to have 
impacted activity patterns and it is unclear what proportion of the differences are 
attributed to development of the landscape or site specific differences. 
Southwell (1987) found that eastern grey kangaroos spent most of the time feeding 
followed by resting and being vigilant. In this study, these three behaviours along 
with travelling were the most common behaviours observed at both sites, however 
resting behaviour was far less frequently observed than feeding and being vigilant. 
Resting behaviour for extended periods will be underrepresented in camera data as 
the camera is triggered by surface temperature changes caused by movement 
(Welbourne et al. 2016). Some of the recordings containing resting kangaroos 
appeared to be triggered by other animals moving within the field of view. 
Kangaroos at the developed site spent more time in larger groups and had a higher 
population density. These findings are consistent with other studies that suggest there 
is a positive relationship between group size and population density in eastern grey 
kangaroos (Southwell 1984a; Taylor 1982). Southwell (1984a)  reported mean group 
sizes between 2.8-10.45 kangaroos per group, which was similar to the mean group 
sizes at both sites in this study. Varying definitions of the term group have been used 
in macropod studies and in this study all kangaroos within the field of view of the 
camera were considered a group, whereas Southwell (1984a) used a distance criteria 





differences in how a group is defined may affect results, the limited field of view of 
the camera means that kangaroos counted as part of the group were within 50m of 
one another however additional kangaroos may have been present within 50m and 
not captured on video. 
Reduction of suitable habitat and human-induced barriers result in increased 
densities in some wildlife populations (Ditchkoff et al. 2006). Wildlife at developed 
sites may be concentrated near food or other resources (Ditchkoff et al. 2006). The 
population density at the developed site has rapidly increased since the study by 
Spencer et al. (2012) and is likely to result in substantial management implications in 
the future. A kangaroo road kill ‘hot spot’ was recently reported adjacent to the 
developed site (Green-Barber 2018) and if this population continues to increase at 
this rate, then road mortalities and other human/kangaroo conflicts are likely to 
increase in the area. The higher population density at the developed site is likely to 
influence group composition and social interaction rates. Individuals may be more 
inclined to join a different group when population density is high because 
neighbouring groups are closer in proximity (creating an external influence), whereas 
in low density populations there is a greater risk of not finding another group to join 
(Southwell 1984b). 
Kangaroos at the developed site may exhibit higher levels of vigilance due to an 
increased human presence and visual barriers in the developed landscape. Visual 
barriers result in a reduced line of sight which could result in increased vigilance. 
Dogs surrounding both sites were observed, and predation of a wallaroo Macropus 
robustus by dogs was reported at the natural site during the study period (personal 





attack eastern grey kangaroos (Purcell 2010). Since dogs are present at both sites, the 
increased vigilance at the developed site is more likely to be related to human 
activity and landscape differences than predation. 
If the high density population at the developed site exceeds its carrying capacity then 
competition for resources between kangaroos would likely be increased. Increased 
competition, as well as other site specific differences are likely to have contributed to 
the difference in vigilance levels. Cattle were grazing in many of the pasture lands 
utilised by kangaroos at the developed site which is likely to have caused 
interspecific and intraspecific competition for resources. Video observations of cattle 
and kangaroos grazing nearby showed that kangaroos were quickly displaced by the 
close proximity of cattle which has been reported previously (Kaufmann 1975; Payne 
and Jarman 1999). 
The increased agonistic behaviour observed at the developed site is likely to be a 
result of increased density and competition for resources, leading to a greater number 
of conflicts between individual animals. However the lower rate of non-aggressive 
social interactions suggests that while kangaroos are encountering each other more 
frequently, the majority of these encounters are not affinitive.  
Conclusions 
The findings of this study suggest that the behaviour of kangaroos in developed 
environments is modified to adapt to the changed landscape. Kangaroos in developed 
areas appear to spend more time in larger groups than kangaroos in natural areas, 





the most commonly utilised areas at the developed site, likely the result of modified 
cattle grazing pastures which provided higher quality forage close to the tree line 
than the natural site where more time was spent in open grassland areas. Activity 
levels peaked earlier at the developed site, likely to avoid the diurnal activities of 
humans. Increased vigilance and agonistic interactions, and reduced travelling and 
feeding at the developed site can be attributed to multiple factors including increased 
population density, human activity, and barriers in the landscape. The findings of this 
study suggest that the activity budget of kangaroos varied between seasons and must 
be taken into account when planning management strategies. The increased food 
availability and its effect on reproduction are likely to cause the already high-density 
population at the developed site to continue to increase. An increase in this 
population will inevitably lead to further management issues in the area. Knowledge 
of the earlier peak activity time of kangaroos in developed areas will assist in 
developing management strategies to reduce human-animal conflicts. The effect of 
development on kangaroo populations will vary for each population due to site 
specific factors. Based on the findings of this study, the use of camera traps for 
monitoring changes in activity patterns is recommended for high density kangaroo 
populations in developed areas so that specific issues can be identified and 
addressed. 
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 Table 3. 1. The number of cameras placed in each vegetation area at each site. 
Vegetation area Developed site Natural site 
Grassland 7 4 
Woodland 8 4 
Fringe 8 4 
Vegetation area key: Grassland= dominant vegetation grass, Woodland= dominant 
vegetation shrubs and trees, Fringe= dominant vegetation a mix of grasses, shrubs 






Table 3. 2. Categories used to record the behaviour of kangaroos. 
Behaviour category Description 
Vigilance Stands on hind legs with the body in an upright position 
and the head either turning to scan the environment or still 
with only the ears moving. 
Feeding Any active uptake or chewing of food 
Travelling Multiple consecutive pentapedal or bipedal movements 
Resting Animal lies on the ground 
Self-grooming Licking or scratching themselves 
Affinitive interaction Any non-aggressive and non-reproductive interaction 
between adult kangaroos, including; sitting or feeding in 
contact, allogrooming, social sniffing or licking. 
Agonistic interaction Any aggressive touch, movement or growl 
Reproductive 
interaction 
Any interaction relating to reproduction, including; males 
closely following females, males nosing the cloaca or 
pouch of a female, males having an everted and erect 
penis, and intromission. 
Mother-young 
interaction 
Any interaction between a female kangaroo and it’s young 









Figure 3.1. Map of camera locations at (A) a developed site located at Yarramundi 
Paddocks at Hawkesbury campus of Western Sydney University, Richmond NSW, 
and (B) a natural site located at Emirates One and Only Wolgan Valley Resort, 
Newnes, NSW. 
Figure 3.2. The percentage of time kangaroos spent in woodland, grassland, and 
fringe areas at developed and natural sites. 
Figure 3.3. The diurnal and nocturnal activity levels of kangaroos observed at a 
developed site and a natural site. 
Figure 3.4. Activity levels of kangaroos at varying temperatures at a developed site 
and a natural site. 
Figure 3.5. Activity levels of kangaroos across different seasons (A=summer, 
B=autumn, C=winter, D=spring) at a developed site and a natural site.  
Figure 3.6. The number of individuals in groups of kangaroos at a developed site 
and a natural site. 
Figure 3.7. Percentage of time each behavior category was observed at a developed 
site and a natural site. 
Figure 3.8. Percentage of time each type of interaction was observed at a developed 
































































































Figure 3. 5. 
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Appendices- examples of photos from camera traps collected during this study 
 
Appendix 1. Eastern grey kangaroos travelling in a fringe vegetation area at the 
natural site, captured by infrared camera during surveys of eastern grey kangaroos. 
The date and time are displayed on the image, and the temperature is displayed in 
Fahrenheit.  
 
Appendix 2. Eastern grey kangaroos displaying vigilance in a woodland area at the 
natural site, captured by infrared camera during surveys of eastern grey kangaroos. 







Appendix 3. An eastern grey kangaroo looking at the camera in a woodland area at 
the natural site, captured by infrared camera during surveys of eastern grey 
kangaroos. The date and time are displayed on the image, and the temperature is 
displayed in Fahrenheit. 
 
Appendix 4. Eastern grey kangaroos feeding in a fringe vegetation area at the natural 
site, captured by infrared camera during surveys of eastern grey kangaroos. The date 






Appendix 5. An eastern grey kangaroo being displaced by cattle in a fringe 
vegetation area at the developed site, captured by infrared camera during surveys of 
eastern grey kangaroos. The date and time are displayed on the image, and the 
temperature is displayed in Celsius. 
 
Appendix 6. An eastern grey kangaroo looking at the camera, and another travelling 
in a fringe vegetation area at the natural site, captured by infrared camera during 





the temperature is displayed in Fahrenheit.
 
Appendix 7. Eastern grey kangaroos having an agonistic interaction in a woodland 
area at the natural site, captured by infrared camera during surveys of eastern grey 
kangaroos. The date and time are displayed on the image, and the temperature is 
displayed in Fahrenheit. 
 
Appendix 8. Eastern grey kangaroos grazing and displaying varied levels of 
vigilance in a fringe vegetation area at the natural site, captured by infrared camera 





image, and the temperature is displayed in Fahrenheit.
 
Appendix 9. An eastern grey kangaroo displaying vigilance, and another feeding in a 
grassland area at the natural site, captured by infrared camera during surveys of 
eastern grey kangaroos. The date and time are displayed on the image, and the 
temperature is displayed in Celsius. 
 
Appendix 10. Eastern grey kangaroos feeding in a grassland area at the developed 
site, captured by infrared camera during surveys of eastern grey kangaroos. The date 






Appendix 11. An eastern grey kangaroo resting in a grassland area at the natural site, 
captured by infrared camera during surveys of eastern grey kangaroos. The date and 
time are displayed on the image, and the temperature is displayed in Celsius. 
 
Appendix 12. An eastern grey kangaroo holding some grass in the left forelimb and 
displaying vigilance, and another feeding in a grassland area at the natural site, 
captured by infrared camera during surveys of eastern grey kangaroos. The date and 






Appendix 13. Eastern grey kangaroos feeding in a grassland area at the natural site, 
captured by infrared camera during surveys of eastern grey kangaroos. The date and 
time are displayed on the image, and the temperature is displayed in Celsius. 
 
Appendix 14. An eastern grey kangaroo self-grooming in a grassland area at the 
natural site, captured by infrared camera during surveys of eastern grey kangaroos. 








Appendix 15. An eastern grey kangaroo looking at the camera in a grassland area at 
the developed site, captured by infrared camera during surveys of eastern grey 
kangaroos. The date and time are displayed on the image, and the temperature is 
displayed in Celsius. 
 
Appendix 16. Eastern grey kangaroos travelling in a grassland area at the developed 
site, captured by infrared camera during surveys of eastern grey kangaroos. The date 






Appendix 17. Eastern grey kangaroos travelling in a grassland area at the developed 
site, captured by infrared camera during surveys of eastern grey kangaroos. The date 
and time are displayed on the image, and the temperature is displayed in Celsius. 
 
Appendix 18. An eastern grey kangaroo resting in a grassland area at the natural site, 
captured by infrared camera during surveys of eastern grey kangaroos. The date and 






4. What influences road mortality rates of eastern grey 
kangaroos in a semi-rural area? 
 








4.1. Chapter outline and authorship 
Chapter 4 examines the spatial and temporal factors that influence road mortality in eastern 
grey kangaroos. The study was conducted on the roads surrounding Hawkesbury Campus, 
Western Sydney University, Richmond NSW. The identification of spatial and temporal 
factors that influence road mortality in kangaroos highlights the necessary areas for 
improvement for future road design, and effective deterrent strategies that can be used to 
minimise the likelihood of wildlife road mortality. 
I am the primary and corresponding author of this jointly authored manuscript that is under 
review for publication at the time of writing this thesis. I conceived the initial proposal and I 
performed all field procedures and most of the data analysis. I recorded the location of road 
killed kangaroos in the study area, setup transects to measure landscape features, and 
performed data handling and preliminary analysis. A/Prof Julie Old supervised the research 
and provided feedback on the developing manuscript. 
We would like to acknowledge and thank the editor and anonymous reviewers who provided 
feedback on the following manuscript prior to its acceptance by the journal. 
This chapter is a paper under review for publication and should be cited as: 
Green-Barber Jai M., Old Julie M. (2018) What influences road mortality rates of eastern 






Background: Roads have major ecological impacts on wildlife. Vehicle collisions 
most frequently impact large herbivores due to their larger home range compared to 
smaller animals, and higher population density compared to carnivores. Kangaroos 
(Macropus spp.) account for a large proportion of reported wildlife vehicle collisions 
that occur in NSW, Australia. We aimed to evaluate what influenced road mortality 
of eastern grey kangaroos (Macropus giganteus) in a temperate rural/suburban 
region. The location of roadkilled kangaroos found on or near two 1 km areas of road 
in Richmond NSW was recorded throughout 2014 and 2015. Weather and moon 
phase data were recorded for the date of each roadkilled kangaroo. Transects were 
setup on both roads, and multiple road and landscape features, including the width of 
roadside, fence construction, habitat type, and distance from street lights measured at 
50 meter intervals. Data were analyzed to explore which landscape features and 
temporal factors influenced the occurrence of a roadkill hotspot.  
Results: More kangaroo road mortalities occurred during periods of low temperature 
and low rainfall, and these factors are likely to affect forage quality. Fewer 
mortalities occurred when rain was falling. A greater number of mortalities occurred 
during the waning gibbous phase of the lunar cycle. Significantly more road 
mortalities occurred a short distance from the end of a section of street lights.  
Conclusions:  The findings suggest that illumination influences the likelihood of 
kangaroo road mortalities. Knowledge of factors that influence where and when 
kangaroos are most likely to cross roads can be used to inform more targeted 
management strategies and improve future road design to reduce the incidence of 











Roads have multiple ecological impacts on wildlife including fragmentation of 
habitats and isolation of populations [1, 2]. The most commonly and easily observed 
impact of roads on wildlife is road mortality. Large mammal species in the USA, 
Canada and Europe, including roe deer (Capreolus capreolus), elk (Cervus 
canadensis) and moose (Alces alces) are the primary species involved in wildlife 
vehicle collisions [3, 4], and can significantly impact the population size of many 
species [5-8]. Roads affect wildlife directly through road mortality, and also impact 
habitat use and dispersal due to habitat fragmentation, barrier effects and noise 
disturbance [9-12].  
Wildlife are attracted to roadsides by resources that are rare or limited in other 
areas, including water and high quality foods [13-16]. Roads provide foraging areas 
and reduce predation pressures for some species [12]. Urban development reduces 
the available habitat and therefore roadside vegetation provides a significant 
proportion of suitable habitat in modified landscapes [17]. Animals that frequently 
cross roads to gain access to resources have an increased risk of road mortality. 
Roadkill hotspots are areas with a higher rate of wildlife vehicle collisions than other 
surrounding areas. Hotspots may result from resources or attractive habitat features 
occurring close to the roadside, or when two particularly valuable resources occur on 
opposite sides of the road causing animals to cross frequently. Hotspot analysis 
compares the features associated with areas of high wildlife vehicle collision rates, 
with areas of low wildlife vehicle collision rates [18-20]. Although some roadkill 
studies have examined the influence of landscape features, there are insufficient 
species specific studies that account for the different habitat preferences of different 





With Australia’s road network covering over 810,600 km [21], and kangaroos 
being Australia’s largest native terrestrial mammal species, they account for a large 
proportion of wildlife vehicle collisions. Klöcker et al. [4] recorded the number of 
eastern grey kangaroos (Macropus giganteus), western grey kangaroos (Macropus 
fuliginosus), red kangaroos (Macropus rufus), common wallaroos (Macropus 
robustus) killed on a section of outback highway in far western NSW, and reported a 
roadkill rate of 0.03 kangaroos per km, per day, whilst Burgin and Brainwood [21] 
estimated that over 9 million kangaroos and wallabies are killed annually on 
Australian roads. Kangaroo vehicle collisions lead to high costs for drivers and 
insurance companies, in the tens of millions of dollars, through vehicle damage and 
human distress, injury and death [4, 22]. 
The behavioral responses of different species affects road mortality rates [23]. 
Some prey species avoid threats by freezing, increasing the amount of time spent on 
roads when vehicles are approaching, and results in a higher road mortality rate [23]. 
Large macropods reportedly respond to threats in different ways. Western grey 
kangaroos respond to a perceived threat by slowing down or standing still, whereas 
red kangaroos respond to threats by fleeing [23]. Eastern grey kangaroos are 
physiologically more similar to western grey kangaroos and are likely to react to 
perceived threats in a similar way and therefore likely exhibit similar antipredator 
behavioral adaptations which increase their risk of road mortality.  
Landscape features surrounding the road also influence the likelihood of road 
mortality. Klöcker et al. [4] compared locations with a high incidence of eastern grey 
kangaroo road mortality with locations without a high incidence of road mortality on 
a stretch of highway in an arid region of Australia, and found no relationship 





evaluated the effect of vegetation on road mortalities have focused on the reduced 
visibility to drivers caused by increased vegetation [18, 19]. Ramp et al. [24] 
modelled mortality hotspots for multiple wildlife species in the Snowy Mountains 
region of NSW and found a greater incidence of kangaroo road mortality in areas 
with little tree cover and near a large dam, whilst a  study by Visintin et al [25] 
modelled eastern grey kangaroo vehicle collisions in Victoria. Insufficient species 
specific studies have been conducted which evaluate the influence of attractive 
landscape features on road mortality of eastern grey kangaroos in temperate regions 
or semi-rural/semi-suburban areas in N SW. We compare the spatial and temporal 
variables at locations and times that have high kangaroo road mortality, with areas of 
low kangaroo road mortality on roads adjacent to the Hawkesbury campus of 
Western Sydney University (WSU), N S W. and surrounding farmlands.   
4.3. Methods 
4.3.1. Study area 
Research was conducted on roads surrounding WSU Hawkesbury campus, a 
semi-rural site fragmented by university buildings and residential areas, but also 
fenced farm paddocks and woodlands (Fig.4.1). The Hawkesbury campus of WSU is 
located in the semi-rural suburb of Richmond in the temperate zone of NSW.   
4.3.2. Transects 
Two 1km transects were established along Castlereagh Road 
(33°36'31.01"S/150°43'9.82"E - 33°36'12.12"S/150°43'39.18"E) and Londonderry 
Road (33°37'24.80"S/150°44'23.33"E - 33°36'54.14"S/150°44'28.73"E) each with 20 
sample sites at 50 m intervals. Landscape variables were measured on both sides of 





4.3.3. Animals  
We checked roads daily. Only freshly deceased (within 24h) eastern grey 
kangaroos were used for analysis. We recorded the GPS location of roadkilled 
kangaroos with blunt trauma injuries consistent with vehicle collision found on or 
near roads in the study area between February 2014 and December 2015. We 
estimated the strike location of each collision based on the position of the kangaroo 
and the location of vehicle tire marks and blood. The gender and body measurements 
(testis circumference (males), head length, neck to tail base, foot length with and 
without toenail, tail length and tail diameter) of each animal were recorded. These 
morphometric measurements were chosen as they are commonly used to infer 
macropod body size and body condition [26-28]. 
4.3.4. Season, weather and moon cycle  
Kangaroo vehicle collisions were assumed to have occurred during the 
evening prior to discovery. We recorded the season, maximum and minimum daily 
temperatures, average monthly rainfall, and moon phase for the date of each 
kangaroo road mortality. All weather data were obtained from Australian Bureau of 
Meteorology records from the closet weather station to the study site [29], and moon 
cycle data from the Sydney Observatory website [30]. 
4.3.5. Road, roadside and barriers 
We recorded the following parameters at each transect interval; the width of 
area between the painted road edge and the nearest barrier (fence), the width of the 
road, and the height and type of construction of the fence (if present) on each side of 
the road. Fence construction types were categorized as a horizontal wire cattle fence 





mesh fence (small rigid gaps <10cm), wooden ranch fence (large rigid gaps >20cm), 
or sheet metal fence (no gaps). 
4.3.6. Habitat features 
Canopy cover (%) and habitat type were recorded at each interval on each 
side of the road. The percentage of canopy cover was calculated using guidelines 
from Walker and Hopkins [31].  
Habitat types were categorized as woodland (predominantly (>50%) trees and 
shrubs), grassland (predominantly grass), or built environment (buildings and hard 
landscaping eg. concrete). Areas with woodland habitat on one side of the road and 
grassland habitat on the other side accounted for the majority (57.5%) of sample 
sites. Sites with grassland habitat on both sides of the road were the second most 
common (20%), closely followed by sites with grassland on one side of the road and 
built infrastructure on the other (17.5%). Very few sample sites had woodland habitat 
on both sides of the road. 
4.3.7. Vehicle speed and street lights 
The roads used in this study have both 60km/h and 80km/h speed zones. We 
recorded the distance of each roadkill from where the speed limit increases to 
80km/h. The majority of sample sites (95%) were in areas where the speed limit was 
80km/h. The sample sites used in the study were spaced at varying distances from 
where the speed limit changed from 60 km/h to 80 km/h. Most sample sites were 
further than 400 m (57.5%) from where the speed limit changed. The remaining sites 
were either within 100 m (12.5%), or between 100-200 m (10%), 200-300 m (10%), 
or 300-400 m (10%) from where the speed limit changed.  
Both roads used in this study have sections with street lights and sections 





street light. The sample sites used in the study were spaced at varying distances from 
the nearest street light. Most sample sites were either within 100 m (20%) or further 
than 400 m (35%) from the nearest street light. The remaining sites were either 
between 100-200 m (15%), 200-300 m (15%), or 300-400 m (15%) from the nearest 
street light. 
4.3.8. Analysis 
Data from sample sites where roadkill were recorded were compared with 
data from sample sites where no roadkill were recorded. We analyzed data using 
Microsoft Excel 2010 and SPSS 2015 to determine which landscape features and 
environmental conditions influence the occurrence of road mortality in kangaroos.   
A generalized linear model with a logistic link and binomial error for the 
presence of a road mortality was used to analyze the effect of temperature, rainfall, 
moon visibility and different moon phases. A Firth penalized likelihood method was 
used to allow for collinearity and low prevalence. We used a chi-squared test to 
evaluate the overall effect of moon phase, and the Breusch-Godfrey test to test for 
temporal autocorrelation. The fit of the data were evaluated using the Hosmer and 
Lemeshow goodness of fit test. Data for temperature, rainfall and moon cycle were 
plotted as odds ratios. 
We used a generalized linear model with a logistic link and binomial error for 
the presence of a road mortality to analyze the effect of the width of the roadside, 
canopy cover, habitat type, size of fence and type of fence on each side of the road. 
A generalized linear model with a log link and Poisson error for the presence of a 
road mortality was used to analyze the effect of the distance from speed limit change, 
distance from the nearest street light, the width of the road, habitat type, and the type 





fences included wire cattle fences and those with gaps between fencing as these areas 
were considered the easiest for kangaroos to pass through. We categorized all other 
fence types as hard due to more rigid construction and lack of larger gaps. Fence type 
on both sides of the road was treated as a three level variable, with “easy-easy”, 
“easy-hard” or “hard-hard”; where “easy-easy” meant there was an easy type of 
fence for a kangaroo to pass on both sides of the fence.  We used a likelihood ratio 
test to further evaluate the effect of fence type on road mortalities. 
 
4.4. Results 
Twenty three roadkilled eastern grey kangaroos were recorded on roadsides in 
the study area. The data showed a slight male bias with 60% of all kangaroo roadkill 
being male, however this was not statistically significant. Roadkilled males had a 
mean tail length of 90 cm (± 14), and a mean tail diameter of 8 cm (± 3). Roadkilled 
females had a mean tail length of 65 cm (± 12), and a mean tail diameter of 5 cm (±- 
1). 
Residuals (the difference between observed and predicted values) must be 
independent of each other in order to assume that variables are not highly correlated. 
No evidence was found of autocorrelation in the temporal residuals (P value=0.71). 
Results of the Hosmer and Lemeshow goodness of fit test found X-squared = 2.4, df 
= 8, P value = 0.97, suggesting that the generalized linear model used was a good fit 
for the data collected. 
4.4.1. Season, weather and moon cycle 
The most roadkilled kangaroos (48%) occurred during winter (June- August) 
on dates with average minimum and maximum daily temperatures of 5.7°C -20.3°C. 





value=0.07) (Fig.4.2). No kangaroo road mortalities occurred during summer. Most 
male kangaroo roadkill occurred during winter (83.33%) and the remainder occurred 
during autumn (16.67%), however half of female kangaroo roadkill occurred during 
autumn (50%), and the rest occurred during spring (37.5%) and winter (12.5%). 
Kangaroo road mortalities occurred more frequently during months with lower 
rainfall, and significantly fewer mortalities occurred on days with recorded rainfall 
than on days with no rainfall (P value=0.03).  
The results of the chi-squared test showed that the overall effect of moon phase 
on road mortalities was not significant (chi-squared=7.85   df= 7   P value= 0.346). 
More mortalities occurred during moon phases with high illumination, although this 
result was also not significant (P value =0.20).  However a significantly greater 
number of road mortalities (47%) occurred during the waning gibbous phase 
compared with all other moon phases (P value=0.02) (Fig.4. 3).  
4.4.2. Effect of road and roadside width, and barrier type 
Sites where kangaroo road mortalities occurred had a mean taller fence and 
narrower road and roadside than sites with no kangaroo mortalities, however this was 
not statistically significant.  
The majority of kangaroo road mortalities occurred near wire cattle fences 
(65%), the rest were near welded mesh fences (20%), and chain link fences (15%). 
No kangaroo road mortalities were recorded near sheet metal fences, wooden ranch 
fences or areas with no nearby fence. The majority of sites with multiple kangaroo 
road mortalities recorded throughout the study period were near wire cattle fences 
(60%), the rest were near chain link fences (20%), and welded mesh fences (20%). 
More male kangaroo road mortalities occurred near wire cattle fences (39%) and 





As kangaroos were likely to be crossing the road when mortalities occurred it 
is important to consider fencing on the opposite side of the road from roadkilled 
kangaroos. Most kangaroo road mortalities occurred in areas with wire cattle fences 
on both sides of the road (52%), followed by wire cattle fences on one side of the 
road and welded mesh fence on the opposite side (21%), and chain link fence on one 
side of the road and welded mesh fence on the opposite side (17%) (Fig.4. 4). 
No significant difference was observed between the number of road mortalities 
that occurred near fences categorized as ‘easy’  or ‘hard’ to pass through (P 
value=0.13). The number of road mortalities that occurred in areas with ‘easy’ to 
pass through fences on both sides of the road and areas with hard to pass through 
fencing on one side (P value=0.39) or both sides (P value=0.92) was not significantly 
different. The results of the likelihood ratio test also showed the effect of fence type 
on road mortality was not significant (Deviance=0.90315, df =2 , P value= 0.64). 
4.4.3. Effect of habitat 
Areas with less than 20% canopy cover on both sides of the road accounted 
for most (42.5%) sample sites. The majority of remaining sites had less than 20% 
canopy cover on one side of the road, and either between 60-79% (17.5%), 80-100% 
(15%) or 40-59% (10%) canopy cover  on the other side of the road. Only 10% of 
sample sites had greater than 20% canopy cover on both sides of the road, and 5% of 
sites had greater than 60% canopy cover on both sides of the road. 
Almost 85% of all kangaroo road mortalities occurred adjacent to a woodland 
habitat, however the association between mortalities and woodland habitat was not 
significant (P value= <0.98). Kangaroo road mortalities occurred at all sites surveyed 
with woodland on both sides of the road, 52% of sites surveyed with woodland on 





grassland on both sides of the road (Fig.4. 5). The association between sites with 
woodland habitat on at least one side of the road was not significant (P value= 0.11). 
Sites with kangaroo road mortalities had a slightly higher average canopy cover (31 
± 37%) than sites with no kangaroo road mortalities (canopy cover 24 ± 34%), 
however the difference was not significant (P value=0.55).  
4.4.3. Effect of vehicle speed and street lighting 
The majority of kangaroo road mortalities (90%) occurred in areas where the 
speed limit was 80 km/h. Most kangaroo road mortalities occurred between 300-400 
m (20%) and 800-900 m (20%) where speed limits increased from 60km/h to 
80km/h. Only 15% of kangaroo road mortalities occurred within 100 m of where the 
speed limit increased. The association between the distance from the speed limit 
change and the occurrence of roadkill was not significant (P value= 0.31). 
The majority of kangaroo road mortalities (95%) occurred on sections of road 
with no street lighting. Most kangaroo road mortalities (40%) occurred within 100m 
of a street light, and the second most (35%) occurred between 100-200 meters from a 
street light (Fig.4. 6). The distance from the nearest street light significantly affected 
the probability of roadkill occurrence (P value=0.02).  
 
4.5. Discussion 
We investigated the occurrence of kangaroo road mortalities in the temperate, 
semi-rural area of Richmond NSW. A slight male bias of roadkilled kangaroos was 
observed. Increased kangaroo road mortalities occurred during periods of low 
temperatures and low rainfall, which corresponded to winter, as well as during moon 
phases with higher illumination and in unlit areas near street lights. No significant 





occurred in areas with a woodland habitat on at least one side of the road and had a 
slightly higher percentage canopy cover than areas with no kangaroo road 
mortalities.  
A male bias in road mortalities has previously been reported for eastern grey 
kangaroos and other macropods [32, 33]. Populations of eastern grey kangaroos 
however have a higher proportion of females [34-36]. Therefore the higher 
proportion of male kangaroo road mortalities is probably due to behavioral 
differences and larger home range that cause males to be more exposed to the risk of 
road mortality [33, 37-39].  
Male eastern grey kangaroos are larger than females [40], and this difference in 
body size may contribute to the male bias in road mortality. Road mortality involving 
larger species reportedly occur more often than smaller species, and usually involves 
mammals rather than birds or reptiles [41]. Ford and Fahrig [42] suggested that body 
size may influence road mortality in two ways; smaller animals occupy less space 
which can allow vehicles to pass by or over the animal without hitting it, however 
smaller animals are more difficult for a motorist to visually detect and actively avoid. 
The effect of body size may not be the same for species over a certain size. The 
smallest adult animal in the current study was a female kangaroo with a neck to tail 
base measurement of 32 cm and tail length of 40 cm so is still a relatively large 
animal and is likely to be visually detected. Female eastern grey kangaroos are not 
small enough to safely pass beneath a vehicle without being hit. Therefore, the male 
bias observed is probably due to behavioral differences that cause males to cross 
roads more frequently or make them more difficult to actively avoid. 
Most kangaroo road mortalities occurred during winter, perhaps due to a 





travel further and cross roads more frequently to access resources over a wider area. 
An increase in kangaroo road mortality during winter is consistent with the findings 
of a study by Coulson et al. [43]. Winter has less hours of daylight, which is likely to 
result in an increased number of vehicles on the road outside daylight hours, and may 
also lead to extended hours of activity for nocturnal and crepuscular species of 
wildlife. Kangaroo road mortalities occurred more often in months with low 
temperature and low rainfall which most likely resulted in decreased pasture growth 
[44] and may have attracted kangaroos to high quality vegetation nearer the roadside 
or caused them to travel further to access high quality vegetation in other areas.  
The findings of the current study indicate that significantly fewer road 
mortalities occurred on dates when there was rainfall. There is likely to be reduced 
visibility during rainfall which could decrease the ability of drivers to detect an 
animal on the road, therefore if kangaroos were crossing roads at equal rates in 
different weather then kangaroo vehicle collisions should occur more frequently 
when it is raining. Fewer kangaroo road mortalities occurred when it was raining 
which suggests that kangaroos may be less active when it is raining and are less 
likely to cross the road in these conditions. 
The majority of male kangaroo road mortalities occurred in winter, however a 
high proportion of female kangaroo road mortalities occurred in autumn and spring. 
Male eastern grey kangaroos may range further in winter compared to females 
because of their larger body size [45, 46] and to access females from multiple 
groups. These results are consistent with the findings of Coulson et al. [43] that male 
kangaroos ranged further during winter to access a variety of habitats and resources, 





Significantly more kangaroo road mortalities occurred during the waning 
gibbous moon phase than any other phase of the lunar cycle. An increase in kangaroo 
road mortality around the full moon phase of the lunar cycle has been previously 
reported, however this finding was based on four phases of the lunar cycle (rather 
than eight) [32, 47]. As the waning gibbous phase immediately follows the full moon 
it is likely that road mortalities during this phase have previously been reported as 
part of the full moon phase. Coulson [32] suggested that the observed increase in 
kangaroo road mortality around the full moon indicates that kangaroos are more 
active during this time, and as kangaroos are crepuscular, adequate moonlight 
illumination may allow for greater mobility than during times of complete darkness.  
Built infrastructure acts as barriers, which may limit the direction in which 
animals can disperse. No significant influence of different fencing on kangaroo road 
mortality was detected in this study, however more kangaroo road mortalities 
occurred near wire cattle fences than other fence types. Wire cattle fences are ‘easy’ 
for kangaroos to pass through, making it easier to access the road and roadside areas 
at these locations. Clevenger et al.[48] suggested that fencing along road sides can 
contribute to roadkill hotspots because they ‘funnel’ animals to cross roads in the 
areas where there are gaps in the fencing. Sections of fence that are easier to pass 
through than other fences along the same road are likely to produce a similar effect. 
One fence type is likely to allow kangaroos to pass through easily and enter the road 
area, where as the other fence type is presumably more difficult for the kangaroos to 
pass through and may prevent exiting from the road area, or vice versa.  
No significant difference was observed between the number of kangaroo road 
mortalities in different habitats, however more occurred in areas with a woodland 





side. Slightly more sample sites used in this study had woodland on one side of the 
road and grassland habitat on the other than any other habitat combination, which 
may have influenced the results. Kangaroos utilize a variety of habitats and regularly 
leave heavily wooded areas to access grassland habitats [49]. Therefore if different 
resources occur on either side of a road, then kangaroos are more likely to cross that 
road. 
Woodland habitats create greater visual cover which may provide perceived 
security for wildlife, but may also obstruct motorists’ ability to see wildlife and result 
in an increased incidence of roadkill [18, 19]. Areas with kangaroo road mortalities 
had a slightly higher percentage canopy cover than areas with no kangaroo road 
mortalities; however most sample sites had less than 20% canopy cover on both sides 
of the road, so the true effect of canopy cover may not be reflected in these results. 
Night time illumination varies temporally in relation to the moon cycle. The 
level of night time illumination also varies spatially due to the presence of artificial 
street lighting. Significantly more road mortalities occurred on sections of road with 
no street lighting but were within 200 m of street lighting. The sample sites were 
very close to evenly distributed between the varying distances from street lighting 
which further suggests that this finding is an accurate reflection of the effect of street 
lighting on kangaroo road mortality. Predatory species such as dingoes (Canis lupus 
dingo) and wild dogs increase activity in lighter conditions whereas prey species 
decrease activities in lighter conditions in response to a perceived increased risk to 
predators [50]. As a prey species, macropods are likely to prefer darker areas of the 
landscape to reduce their risk of predation [50]. Coulson [32] suggests that subdued 
lighting allows for increased mobility which may explain why kangaroos choose to 





distance from street lighting on kangaroo road mortality would decrease as 
moonlight illumination increased, however further investigation would be required to 
confirm this. 
The location of street lights is likely to affect where wildlife cross roads, and 
may also impact motorists’ ability to detect wildlife on the road. The distance at 
which wildlife on the road can be detected by drivers is significantly influenced by 
fur brightness, rather than body size [51]. As eastern grey kangaroos have dark fur 
they are likely to be detected at a shorter distance at night than species with brighter 
fur. The human retina is able to detect light at very low intensities. Cone receptors 
adapt to light change faster than rod receptors [52] resulting in it taking more time 
for the human eye to adjust from bright light to low light than it does to adjust from 
low light to bright light. Due to the retinas delayed adaptation from bright light to 
low light, it is likely that drivers are less able to see wildlife on or near roads in unlit 
areas that occur immediately after a well-lit area. These effects would be magnified 
when travelling at higher speeds. 
Most kangaroo road mortalities occurred within an 80 km/h speed zone, and 
occurred at varying distances (100-900m) from areas where the speed limit 
increased. The distance from the location where the speed limit increased from 60 
km/h to 80 km/h did not have a significant effect on kangaroo road mortalities. 
Hobday A.J. and Minstrell [11] found that areas with higher vehicle speeds had 
increased road mortality for a variety of taxa, however road mortality at lower speeds 
was higher for some species such as wallabies that often dash suddenly out of 
roadside vegetation. The findings of the current study support the suggestion of 
Hobday A.J. and Minstrell [11] that reduced vehicle speed is more effective in 





effective for faster moving species such as macropods that are still likely to be killed 
at lower speeds. 
Conclusions 
Based on the findings of this study, it appears that illumination influences the 
likelihood of kangaroo road mortalities. Moon illumination cannot be altered to 
reduce the likelihood of road mortalities because it varies with the moon cycle . 
Warning drivers of the increased kangaroo activity during certain moon phases may 
assist in reducing kangaroo road mortalities. Temporary flashing signs have shown 
some success in reducing deer roadkill [53]. Flashing road signs that activate during 
times of high moon illumination should be trialed in areas with a high incidence of 
kangaroo road mortalities to evaluate whether this would be effective in reducing 
kangaroo road mortalities.  
Street lighting however can be altered to reduce the likelihood of road 
mortalities and should be a consideration of urban design. It is recommended that 
lighting along roadsides should aim to be more uniform where practicable and not 
create gaps where wildlife will be funneled into areas of lower visibility and result in 
roadkill hotspots. Chachelle, Chambers, Bencini and Maloney [54] found that the 
construction of a large arched underpass reduced the likelihood of road mortality for 
western grey kangaroos without affecting their home ranges. Similar methods are 
likely to reduce road mortality in eastern grey kangaroos as the two species have 
many morphological and behavioral similarities. Eastern grey kangaroos have been 
reported to utilize underpasses however no studies have been conducted to evaluate 
their effectiveness in reducing road mortality rates [55]. Chachelle, Chambers, 





completely fenced which is likely to have increased the success of this method and 
should be considered in future management plans.  
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Fig. 4.1. Hawkesbury campus (WSU) and transects on Castlereagh and Londonderry 
Roads, Richmond, NSW (2016). 
Fig. 4.2. The odds of a road mortality occurring in relation to the minimum 
temperature and rainfall. 
Fig. 4.3. The odds of a road mortality occurring in relation to the different moon 
phases. 
Fig. 4.4. The frequency of roadkilled kangaroos recorded near different combinations 
of fencing on both sides of roads.   
Key: WC= wire cattle fence, WM= wire mesh fence, CL= chain link fence, WR= 
wooden ranch fence, G= gap 
Fig. 4.5. The percentage of each habitat type where kangaroo road mortalities 
occurred (both sides of road).   
Key: W= woodland, G= grassland, B= built (eg. building or driveway), RK= 
roadkill present, no RK= no roadkill present. Only habitat combinations present 
within the study site were included in this graph. 
Fig. 4.6. The percentage of roadkilled eastern grey kangaroos recorded various 
















































5. The genetic relatedness of an urban population of 
eastern grey kangaroos. 







5.1. Chapter outline and authorship  
Chapter 5 identifies the genetic relationships present in a free-ranging population of eastern 
grey kangaroos in an urban area. The study was conducted at Hawkesbury Campus, Western 
Sydney University, NSW. Knowledge of the genetic relationships present in a population of 
kangaroos provides insight on the genetic diversity and dispersal of this high density and 
fragmented population. 
I am the primary and corresponding author of this jointly authored manuscript that is under 
review for publication at the time of writing this thesis. Julie Old and I conceived the initial 
proposal and I performed all field procedures and data analysis, and the majority of the 
laboratory procedures. I collected blood and tissue samples from deceased or captured 
kangaroos, and extracted DNA from samples. Fine mapping and custom genotyping was 
performed by the Australian Genome Research Facility. I analysed the data to assess genetic 
diversity and identify parent-offspring and sibling relationships using CERVUS 3.0.7., 
GENEPOP 4.2 and COLONY 2.0.6.1. A/Prof Julie Old supervised the research and provided 
feedback on the developing manuscript. 
We would like to acknowledge and thank the editor and anonymous reviewers who provided 
feedback on the following manuscript prior to its acceptance by the journal. 
This chapter is a paper under review for publication and should be cited as: 
Green-Barber Jai M., Old Julie M. (2018) The genetic relatedness of an urban population of 








Objectives and methods: The genetics of an eastern grey kangaroo (Macropus giganteus) 
population surrounded by landscape barriers was examined. DNA was extracted from tissue 
samples from 22 road killed kangaroos, as well as blood samples from four live captured 
kangaroos. Amplified loci were used to determine relatedness between individual kangaroos. 
The level of relatedness and location of road killed kangaroos were compared to evaluate 
spatial autocorrelation.  
Results: The expected and observed heterozygosity confirmed the locus were polymorphic 
and highly informative for use in this population. One pair of kangaroos were identified to be 
full siblings, and a high proportion were identified as half siblings. Six positive parentage 
assignments were detected. No correlation between relatedness and crossing site was 
detected.  
5.2. Introduction 
Social animals have distinct mating and dispersal patterns which influence the genetics 
within populations [1]. Understanding how these mating and dispersal patterns influence 
genetics is useful for developing management strategies and conservation efforts. Various 
factors influence reproductive performance of individuals, including group composition, 
nutrition, and kin selection [2]. Group composition and kin selection are affected by 
dispersal patterns [3]. Roads create barriers in the landscape that can restrict the dispersal 
and therefore gene flow of wildlife populations [4]. Populations with restricted gene flow 
may suffer from inbreeding and an increase in genetic defects [5]. Genetic markers have 
been used to evaluate the barrier effect of roads in a variety of vertebrate species including 
the common frog (Rana temporaria), bank vole (Clethrionomys glareolus), desert bighorn 
sheep (Ovis canadensis nelsoni), and roe deer (Capreolus capreolus) [6-9]. 
There is insufficient data available regarding the genetic impacts of roads on macropods 





there is some evidence that suggests that the social organization of eastern grey kangaroos 
(Macropus giganteus) is random, many studies have found non-random associations that 
relate to gender, age, and reproductive status [11-16]. Therefore it is likely that the social 
organization of this species may be more structured than previously thought. 
Eastern grey kangaroo mobs (sub-populations) are comprised of long term associates with 
overlapping home ranges [17]. Mobs consist of multiple groups that vary in size and 
composition as individuals regularly join and leave different groups [17]. The home range of 
male eastern grey kangaroos can reportedly range between 7.6 - 269 ha, and the home rage 
of females can range between 9.3 - 248 ha [18]. Adult males often have a larger home range 
than females and associate with multiple sets of females which vary in age and reproductive 
status [19, 20].  Eastern grey kangaroos disperse randomly and do not appear to hold 
territories [21]. Physical barriers in the landscape may limit movement, and low food 
availability causes populations to be more dispersed, hence both factors likely affect genetics 
within a population [22]. 
Molecular techniques of DNA analysis are commonly used to study population genetics [23]. 
The relatedness of individuals can be determined using microsatellites [24]. Microsatellites 
are loci (sections within DNA sequences) consisting of repeating tandem sequences of one-
six nucleotides [24]. Repeat units are surrounded by DNA know as flanking regions [25]. A 
combination of repeat units and flanking regions are used in developing microsatellite 
primers [25].  
Since the analysis of microsatellites was enabled by the introduction of polymerase chain 
reaction (PCR) amplification in the late 1980s, they have become widely used in population 
genetics and genome mapping [26]. Microsatellites are often highly polymorphic, suggesting 
that mutations are frequent, and therefore makes them useful genetic markers [26]. In 
marsupials, the use of microsatellite markers in population studies is limited by the success 





[28], and the successful amplification of alleles is visualized using gel electrophoresis, and 
genetic relationships between individuals assessed [27]. 
Microsatellite markers have been developed for several species and can often be used for 
closely related species [29]. Nine microsatellite markers were developed for eastern grey 
kangaroos in a study by Zenger and Cooper [30]. The microsatellite loci of eastern grey 
kangaroos were found to be highly polymorphic and contain between 8-19 alleles [30]. The 
use of microsatellites to analyses genetic relationships within populations will likely enhance 
and expand our knowledge of social structures in kangaroos. 
There are numerous advantages to using microsatellites as genetic markers. Microsatellite 
markers are locus specific, and therefore more useful than multi-locus markers such as 
minisatellites [31].  Because PCR amplification is used, small quantities or degraded tissue 
can be examined [25], such as that associated with road kill samples. Microsatellite markers 
have a wide range of applications including degree of relatedness and parentage of 
individuals in a population [25, 27]. Group information can also be discovered using 
microsatellites, including size, demographic history, genetic distances, and gene flow 
between populations [25].  
Genetic analysis can also be used to determine spatial autocorrelation (correlation between 
genetics and geographic distance) which provides insight on gene flow and dispersal. Spatial 
autocorrelation is a statistical method used to compare genetic and geographical distance 
between individuals to examine the degree of spatial genetic structure within a population 
[32, 33]. Neaves et al. [18] has reported that eastern grey kangaroo populations had a 
negative correlation between relatedness and geographic distance. Males often disperse more 
than females in many species, particularly social mammals [34]. As a result, a higher level of 
spatial autocorrelation is expected in females [18]. Some species may adjust sex-specific 
dispersal patterns in response to local social and environmental pressures [3]. Adjusted 





Mountain gorillas (Gorilla beringei beringei) and Seychelles warblers (Acrocephalus 
sechellensis) [35-37]. Knowledge of spatial genetic structure within a population can also be 
very useful for informing management strategies.  
Roads surrounding a 308ha paddock in Richmond NSW were identified as a road kill hot 
spot for eastern grey kangaroos [38]. The population density of kangaroos inhabiting the 
paddock was previously estimated as 4.6 kangaroos/ha [39]. Based on the site area and 
population density, there were estimated to be 1416 kangaroos utilizing the site. Previous 
research into kangaroos at this site has included live capture where blood samples were taken 
[40]. The presence of a road kill hot spot and other landscape barriers are likely to impact 
dispersal and gene flow. This chapter focusses on the genetics of those individuals sampled 
as part of the aforementioned studies. Sibships and parent-offspring relationships were 
identified to determine whether there is a high level of relatedness in this population. The 
study also examined whether there was any correlation between relatedness and road 
crossing site.  
5.3. Methods 
5.3.1. Study site  
Research was conducted at Yarramundi Paddocks (33°36'47.85"S/ 150°43'47.429"E), WSU 
Hawkesbury campus, a semi-rural site fragmented by university buildings and residential 
areas, but also fenced farm paddocks and woodlands (Fig. 5.1). Yarramundi Paddocks has an 
area of approximately 308 ha, and consists of pastures, grasslands, marshes, and open 
woodland. The site is located on the corner of Bourke Street and Londonderry Road, in the 
semi-rural suburb of Richmond, NSW. The two main roads included in this study were 
Castlereagh and Londonderry Roads which run through approximately 4km of university 
property and separate paddocks and woodland areas. Multiple other smaller and residential 
roads immediately surrounding the site were also included. Built infrastructures such as 





5.3.2. Sample Collection and DNA Extraction  
Ear clippings were collected from 22 deceased kangaroos found on or near roads in the study 
area between July 2013 and October 2015. Body measurements, gender, GPS location and 
general observations were also recorded [38]. Ear clippings were stored in zip lock bags at -
80°C. Blood samples were taken from four live kangaroos. A blood sample was taken from 
the tail vein using a 21 gauge needle from four live kangaroos at the site that were captured 
using chemical restraint as part of another study [40]. Blood samples were stored in EDTA 
coated Vacutainer tubes (Becton, Dickinson and Company, New Jersey) stored at -80°C. 
Genomic DNA was extracted from ear clippings or blood samples from 26 kangaroos (7 
adult female, 15 adult male, and 4 juvenile) using the Qiagen DNeasy® Blood and Tissue 
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. 
5.3.3. Microsatellites 
Individuals were genotyped at 20 fluorescently labelled microsatellite loci (Table 5.1), using 
a primer panel compiled by Mark Eldridge. The panel comprised of five tammar wallaby 
(Macropus eugenii) primers labelled ‘Me’ [41], since used for eastern grey kangaroos by 
Zenger, Eldridge and Cooper [42], five eastern grey kangaroo primers labelled ‘G’ [30], and 
seven primers isolated from the tammar wallaby and cross-amplified in the eastern grey 
kangaroo labelled ‘T’ [43]. Genotyping was carried out at the Australian Genome Research 
Facility (AGRF), Melbourne.  
Table 5. 1. microsatellite primers used for relatedness analysis of eastern grey 
kangaroos 
Primer Repeat Forward Sequence Reverse  Sequence Size Range Dye Panel 
Me17 di GGGGTATGAACTAGATGACC GTTTCTTCCAGACAAGTAAGGATGCTG 117-147 FAM 1 
T46.5 tetra GGGACAGAATTTTATTGACCTAGTG 
GTTTCTTTAATTTCTCTGGGTGA
GCACAG 177-192 FAM 1 
T4.2 di GTAGAAACCCACCCATTTACCC 
GTTTCTTTGCTAGACACCTGTGG
TTTGAG 122-167 NED 1 





G20.2 di AGTGTGCTACAGTTGTATTTGTC 
GTTTCTTAAATTATATTTGCACCT
AGAATAAG 147-167 PET 1 
G16.1 di CAGAGGCTCTCTTATCATCCTG GTTTCTTACCCCAACACTCTCCCTTC 167-187 VIC 1 
T3.1T tetra AGCTAATTGAGTGTGTGTGGATAG 
GTTTCTTAATGTAGGGATACAA
GGAAACATC 257-337 VIC 1 
G31.1 di CATCTTCCTTTGGAGACCTCAC GTTTCTTCCATCTATGCTCTTGTGGAAAC 122-142 FAM 2 
Me14 di ACTGGGGCAAAATACAGGG GTTTCTTCCAGTGGGAGTTGAGTCATATC 167-217 FAM 2 
T19.1 tetra TGGATAGGTAAATGAATAGATAG 
GTTTCTTAGCTTTGATAAAGGAA
TATC 127-182 NED 2 
Me15 di GGAGCCATCTTAGGAAGACT GTTTCTTCTTGTCTCACACAGCCTAGG 232-277 NED 2 
Me1 di AATATCACTCCCTTCCCCCCA GTTTCTTGGTGCCAAAAATCCCTGG 147-177 PET 2 
T15.1 di ATTGTGGCTAGCATAACAGTGC 
GTTTCTTGGCTGATATTTTTGGT
AAATTCC 152-167 VIC 2 
G26-4 tetra GGTCTTTCCTCAACTTTTGTTC GTTTCTTAAGGGAGAGATAATAAGGATGG 267-377 VIC 2 
T31.1 di TCAGGATTTTATTCTTCCATCTTTC 
GTTTCTTTTGGGGAGAAGATTTT
TGAGAG 122-147 FAM 3 
G15.4 di TCTGCCTCTGATTCTATTGCTG GTTTCTTGGACACATTGTCAAAGAGATGC 207-247 FAM 3 
T32.1 di CTCCCCATAGGAGTCTCCAC GTTTCTTAGCTAACCAAATAAACTACAC 142-167 NED 3 
Me16 di TTGGGCTGTCTCCTCATCTG GTTTCTTGGAATCCTCAGGCGCTATGA 247-287 NED 3 
Me28 di GAGGTGGTGGGATTGGAATC GTTTCTTCAATCAAGCATCCCAGACAG 147-197 PET 3 
Me27 di CCTCTAGCCATTTTACAAAT GTTTCTTACAGTTTGCTTGCACGCATC 167-177 VIC 3 
* ‘Me’ primers were obtained from [41], ‘G’ primers were obtained [30], and ‘T’ primers 
were obtained from [43]. 
5.3.4. Genetic diversity indices 
Allele frequencies, PIC (Polymorphic Information Content), the observed heterozygosity 
(Ho) and expected heterozygosity (He), exclusion probabilities and estimate potential null-
allele rates were calculated using CERVUS 3.0.7. GENEPOP 4.2 was used to test for 
departure from Hardy-Weinberg Equilibrium (with 1000 iterations per 500 batches, S. E. > 
0.01), and genetic linkage disequilibrium (with1000 iterations per 1000 batches, S.E. > 0.01). 
Markov chain parameters were used for all tests and the log likelihood ratio statistic was also 
used for genetic linkage disequilibrium testing. Loci were considered to deviate from the 





if p<0.000. Loci that did not deviate from the Hardy-Weinberg Equilibrium or have linkage 
disequilibrium, and had a null allele frequency < 0.05, were determined to be a potential 
marker to determine relatedness. 
5.3.5. Parentage and sibship analysis 
Molecular analysis of blood samples was used to determine genetic relationships including 
parentage and sibship among the study subjects. CERVUS 3.0.7 was used to determine the 
most likely parent pair for each candidate offspring using a pair-wise maximum likelihood 
estimation. Parent offspring pairs were positively assigned if they had an LOD score greater 
than 0, and also had 1 or fewer mismatched loci. All adult kangaroos sampled were included 
as candidate parents and all kangaroos (juvenile and adult) sampled were included as 
candidate offspring. Full and half sibships were calculated using COLONY 2.0.6.1. Only 
sibships with a probability value of 0.5 or higher were included in the results. 
Excel was used to calculate means and create summary tables. Excel to Graphviz 
Relationship Visualizer was used to create a chart showing the genetic relationships 
identified in the study population.  
5.3.6. Spatial analysis 
The distance between pairs of road killed kangaroos was measured using Google Earth. 
Kangaroos found in close proximity were assumed to have overlapping home ranges. The 
majority of road killed kangaroos were found on roads on the north-west side, and south-east 
side of the study site. Kangaroos found on the north-west side of the study site were assumed 
to utilize the adjacent semi-rural residential properties as part of their home range. 
Kangaroos found on the south-east side of the study site were assumed to utilize the adjacent 
WSU campus paddocks as part of their home range. Linear regression (IBM SPSS Statistics 
23) was used to evaluate if there was a relationship (>0.5) between the relatedness of pairs of 
road killed kangaroos and the distance between their locations, as well as between 





Two adult male kangaroos were fitted with a colored ear tag (Allflex Pty Ltd, Capalaba 
Australia) and a VHF tracking collar (Sirtrack Ltd, Hawkes Bay New Zealand). Kangaroos 
were tracked on foot using a VHF antenna from July 2014 to May 2016. Locations were 
calculated using the GPS location of the researcher and the distance (determined by a range 
finder) of the kangaroo. 
The data from VHF tracking was used to estimate the home range of the tracked kangaroos. 
Home ranges were analyzed using the online ZoaTrack facility (The University of 
Queensland) [44]. Minimum convex polygons were calculated for all points (100%), 
approximate home range (95%), and core range (50%) based on the definitions of Jaremovic 
and Croft [45]. Polygons were calculated using the R package adehabitatHR within the 
ZoaTrack facility [46]. The proportion of overlapping ranges were calculated using the static 
territorial interaction equation as described in White and Garrott [47]. 
5.4. Results 
5.4.1. Microsatellite marker properties and genetic diversity indices  
Twenty-four kangaroo (7 adult females, 14 adult males, and 3 juveniles) microsatellite 
markers were sufficiently amplified for genetic analysis. One locus (Me2) failed to amplify 
and was removed from further testing. Three loci (Me1, Me27, and T46.5) deviated from the 
Hardy-Weinberg Equilibrium and significant null allele frequencies (> 0.05) were observed, 
therefore these loci were not included in further analysis. Significant null allele frequencies 
were also observed for G20.2, Me14, Me15, Me16, Me17, T15.1 and T31.1, however as 
these loci were within the Hardy-Weinberg Equilibrium they were still included in analysis. 
Genetic linkage disequilibrium (p > 0.000) was not observed in any of the loci tested. 
The mean expected heterozygosity of microsatellite loci analyzed was 0.707, the mean 
observed heterozygosity was 0.661, and the mean PIC score (polymorphism information 





(mean 23.625). The majority (14/16) of the loci had an expected and observed 
heterozygosity, and PIC score greater than 0.5. Locus G20.2 had an observed heterozygosity, 
and PIC score less than 0.5, and locus T4.2 had an expected and observed heterozygosity, 






Table 5. 2. Genetic diversity estimates of 16 microsatellite loci used for kinship 
assignment of eastern grey kangaroos 
Locus N HObs HExp PIC F(Null) NE-1P NE-2P NE-PP 
G15.4 23 0.870 0.848 0.808 -0.027 0.512 0.340 0.165 
G16.1 23 0.913 0.829 0.791 -0.061 0.529 0.354 0.167 
G20.2 24 0.417 0.508 0.469 0.080 0.864 0.701 0.523 
G26-4 24 0.875 0.835 0.795 -0.036 0.529 0.354 0.174 
G31.1 23 0.696 0.708 0.653 -0.005 0.713 0.534 0.342 
Me14 24 0.625 0.786 0.734 0.111 0.623 0.445 0.262 
Me15 24 0.542 0.674 0.619 0.106 0.747 0.570 0.379 
Me16 23 0.696 0.807 0.759 0.061 0.587 0.408 0.224 
Me17 23 0.696 0.839 0.796 0.082 0.534 0.359 0.182 
Me28 24 0.708 0.795 0.750 0.048 0.593 0.414 0.223 
T15.1 24 0.500 0.675 0.599 0.148 0.766 0.608 0.442 
T19.1 23 0.870 0.700 0.659 -0.185 0.701 0.512 0.301 
T3.1T 24 0.708 0.704 0.648 -0.020 0.719 0.541 0.352 
T31.1 24 0.583 0.674 0.606 0.058 0.751 0.586 0.404 
T32.1 24 0.667 0.734 0.672 0.038 0.692 0.520 0.336 
T4.2 24 0.208 0.191 0.169 -0.049 0.983 0.915 0.852 
mean 23.625 0.661 0.707 0.658 0.022 0.678 0.510 0.333 
Number of alleles (N), observed heterozygosity (HObs), expected heterozygosity (HExp) 
polymorphism information content (PIC), the frequency of null alleles (F (null)), and 
average non-exclusion probabilities (NE-1P, NE-2P, NE-PP) as estimated by CERVUS. 
5.4.2. Relatedness 
COLONY was used to assign sibship for 24 eastern grey kangaroos (Fig. 5.2). Relationships 
were detected for 92% of kangaroos examined. One full sibling was identified, and 54 half 





21 candidate parents and 24 candidate offspring using CERVUS. Positive parentage 
assignments were determined for six offspring (Table 5.3). LOD scores ranged between 2.5- 
8.8. No sibships of parent offspring relationships were detected for two of the male 
kangaroos sampled (RK04 and RK17). 
Table 5. 3. Parentage assignment of three eastern grey kangaroo offspring at 
Hawkesbury Campus of Western Sydney University  
Offspring Candidate parent LOD Pair loci mismatching 
RK16 DCH3 8.062 0 
RK12 RK13 5.096 0 
RK19 RK23 2.466 0 
RK24 RK21 7.262 0 
RK7B RK7A 8.798 0 
RK19 RK20 0.951 1 
Criteria for positive assignment of parentage = LOD > 0, mismatch ≤ 1. 
5.4.3. Geographical distance and home range 
Seventy seven percent (N=13) of kangaroos killed while crossing Londonderry road were 
related to other kangaroos killed on Londonderry road. RK02, RK08, RK12, RK18, RK19, 
RK20 and RK21 were all killed on Londonderry road and also had at least one half sibling 
also killed on Londonderry road. RK13 and RK20 were identified as the most likely parents 
of RK12 and RK19, all of which were also killed on Londonderry road. No kangaroos killed 
while crossing Castlereagh road were related to other kangaroos killed on Castlereagh road, 
however 64% were related to kangaroos killed on Londonderry road and 36% were killed on 
other nearby roads. No significant correlation was found between the probability of 
relatedness and the distance between road kill (R=0.362) or the direction of road kill from 





The total home range of the collared male kangaroos using all points (100%) was 170.9 ha 
(DCH3), and 174.8 ha (DCH5) (Fig. 5.3). The approximate home range (95%) was 67.3 ha 
(DCH3), and 52.1 ha (DCH5). The core ranges were calculated to be 10.3 ha (DCH3), and 
18.5 ha (DCH5). Home ranges of both males included areas within Yarramundi paddocks 
and the semi-rural residential properties to the north/west across Castlereagh road. The 
proportion of DCH3s total (100%) home range that was overlapped by DCH5 was 0.17 
(95%=0.42, 50%=0.40). the proportion of DCH5s total (100%) home range that was 
overlapped by DCH3 was 0.16 (95%=0.54, 50%=0.22). Sibship analysis determined a 
relatedness probability of 0.1 for half sibship of the two tracked males which does not 
constitute a positive sibship assignment.  
5.5. Discussion 
Genetic analysis was used to determine the relatedness of 24 eastern grey kangaroos in an 
urban population in Richmond, NSW. The expected and observed heterozygosity confirmed 
the locus were polymorphic and highly informative. One pair of kangaroos was identified to 
be full siblings, and a high proportion were identified to be half siblings. Six positive 
parentage assignments were detected. The majority of kangaroos killed while crossing 
Londonderry road were related to other kangaroos killed on Londonderry road, however no 
significant relationship between relatedness and crossing site was observed. 
Expected and observed heterozygosity, as well as PIC score was greater than 0.5 for 14 of 
the locus analyzed, and therefore were confirmed to be polymorphic and highly informative. 
Previous studies have also reported heterozygosity estimates greater than 0.5 for other 
populations of eastern grey kangaroos [18, 42, 48]. 
Little evidence of genetic structure was observed in this population of eastern grey 
kangaroos and is consistent with previous research [18]. One full sibling was identified. A 
high proportion of kangaroos in this population were identified as half siblings. Half of the 





were more common (38%) than female-female sibships (12%). At least one relationship was 
detected for all female kangaroos sampled, however no relationships were detected for two 
male kangaroos (RK04 and RK17). The average number of relationships was slightly higher 
for females (5.14) than males (4.29). The spatial genetic structure of eastern grey kangaroos 
is influenced by movement patterns, home ranges, and densities [49]. Male kangaroos have a 
larger home range than female kangaroos [19]. The higher level of relatedness among males 
in this population may be an indication that dispersal is restricted. The greater number of 
male-male sibships observed may also be a result of the greater number of males sampled in 
this study. Neaves et al. [18] found limited differences in the spatial genetic structure of male 
and female eastern grey kangaroos.  
Positive parentage assignments were identified for six offspring. Other assigned parents had 
LOD scores lower than 0, or had multiple mismatching loci and therefore were probably 
more distantly related. The majority (four) of the assigned parents were female. Female 
parents had positively identified offspring of both genders whereas male parents only had 
positively identified male offspring. Males and females with positively identified offspring 
had a slightly higher average number of relationships (5.00 and 4.50 respectively) than other 
kangaroos in this study, indicating that individuals with more genetic relationships within the 
population also had greater reproductive success. In contrast Miller et al. [48] found that 
female kangaroos prefer mates that are less genetically similar to avoid inbreeding. It was 
not possible to sample all potential parents or offspring in this population, therefore it is 
likely that the parents and offspring of sampled kangaroos may have still been present within 
the site but were not included in the study.  
Kangaroos killed in some locations were more related to each other than those at other 
locations, however genetic relatedness did not significantly correlate with choice of crossing 
area. Conversely, Neaves et al. [18] reported a negative correlation between relatedness and 





crossing Londonderry road were related to other kangaroos killed on Londonderry road. 
However, no kangaroos killed while crossing Castlereagh road were related to other 
kangaroos killed on Castlereagh road, but some were related to other kangaroos killed on 
Londonderry road and other nearby roads. VHF collar tracking of two adult male kangaroos 
captured at the site indicate that their home range includes areas on both sides of Castlereagh 
road. Londonderry road runs between Yarramundi paddocks and other adjacent paddocks, 
whereas Castlereagh road runs between Yarramundi paddocks and semi-rural residential 
properties. High levels of dispersal and immigration between populations is common in 
eastern grey kangaroos [42]. The data is likely to be influenced by the majority of kangaroos 
dispersing in similar directions across Londonderry road to access resources in the other 
paddocks, regardless of relatedness.  
The total (100%) home ranges for tracked kangaroos were 170.9 ha (DCH3), and 174.8 ha 
(DCH5) and included areas within Yarramundi paddocks as well as the semi-rural residential 
properties to the north/west across Castlereagh road. These findings are consistent with 
previously reported home ranges of male eastern grey kangaroos which can vary anywhere 
between 7.6 - 269 ha [18]. Approximate home ranges (95%) were notably smaller and 
occurred mostly within Yarramundi paddocks with only a small amount of DCH3s home 
range crossing into the adjacent semi-rural residential properties to the north/west. The core 
ranges occurred entirely within Yarramundi paddocks indicating that the majority of their 
activity occurred within this site, and that further away areas were utilized occasionally. The 
greatest proportion of home range overlap was observed for the 95% minimum convex 
polygons. These findings indicate that these kangaroos utilize a common area but disperse in 
slightly different directions when travelling further from the core range. Although these 
kangaroos occupy a common area, they also appear to occupy different ranges within the 
common area. No kinship was detected between the two tracked kangaroos. Unrelated male 
kangaroos may share overlapping home ranges because they utilize common resources such 





multiple sets of females [19, 20]. The overlapping ranges within Yarramundi paddocks may 
be indicative of the location of females within the site visited by both males, whereas the 
different areas outside the site may include separate groups visited by each male. 
Limitations 
The sample size used in this study was limited by the availability of blood and tissue 
samples. Unfortunately the kangaroos at the study site had a very large flight distance and 
were extremely difficult to capture to obtain blood samples. Tissue samples were obtained 
opportunistically from road-killed kangaroos which proved to be a more effective and non-
invasive method of collecting samples for DNA extraction. Based on the estimated 
population size at the site, this sample size accounts for less than 2% of the population. As 
this is a small sample of a large population, then a high level of relatedness between 
individuals was not expected. Access to potential nearby sites containing eastern grey 
kangaroos was limited and use of a greater number of individuals over a wider area is likely 
to have produced more robust results. The use of further microsatellite loci may also have 
reduced potential errors [50]. Only limited data is available for eastern grey kangaroo 
genetics and as such there are only a limited number of loci determined for this species. 
Some previous research on this species has used between 10-13 loci [18, 48]. Despite limited 
samples these findings are largely consistent with previous findings for this species and 
provides valuable insight into the genetic structure of this peri-urban population of eastern 
grey kangaroos. 
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Fig. 5.2. Genetic relationships of eastern grey kangaroos at Hawkesbury Campus of Western 
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Fig. 5.3. Home ranges of two adult male kangaroos at the Hawkesbury campus of Western 
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6. Blood constituents of free-ranging eastern grey 
kangaroos (Macropus giganteus). 
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6.1. Chapter outline and authorship  
Chapter 6 establishes the health parameters of a free ranging population of eastern grey 
kangaroos at Yarramundi Paddocks, Hawkesbury Campus, Western Sydney University 
NSW, and the Wolgan Valley Resort and Spa, Wolgan Valley, NSW. The study was 
conducted to determine the baseline blood chemistry and haematology levels, verify the 
presence and levels of APPs, and examine the antibacterial response of serum in free-ranging 
eastern grey kangaroos. Baseline data for measuring and comparing health in free ranging 
kangaroos enables identification of sick individuals, which is essential for effectively 
monitoring and managing kangaroo populations. 
I am the primary author of this jointly authored proof version of a paper accepted for 
publication, and I performed all field procedures, most laboratory procedures, and all data 
analysis. I tranquilised kangaroos using a CO2 Injection Rifle which required specialised fire 
arm safety training and obtain a tranquilliser firearm licence. I handled chemically restrained 
kangaroos and monitored their recovery. Dr Hayley Stannard and I performed the blood 
sample collections. Laboratory procedures that I performed included blood chemistry 
analysis, white blood cell counts and serum amyloid A (SAA) assays. Dr Oselyne Ong and I 
performed the antimicrobial assays. Anusha Kanuri performed the haptoglobin (Hp) assays. 
A/Prof Julie Old and I conceived the initial proposal. I completed the required animal ethics 
and biosafety applications for these procedures. A/Prof Julie Old supervised the research, 
provided feedback on the developing manuscript and acted as the corresponding author. 
We would like to acknowledge and thank the editor and anonymous reviewers who provided 
feedback on the following manuscript prior to its acceptance by the journal. 





Green-Barber Jai M., Ong Oselyne T. W., Kanuri Anusha, Stannard Hayley J., Old Julie M. 
(2018) Blood constituents of free-ranging eastern grey kangaroos (Macropus giganteus). 
Australian Mammalogy, In Press. https://doi.org/10.1071/AM17002 
Abstract. Baseline haematology, blood chemistry and acute phase protein parameters 
have not previously been published for free-ranging eastern grey kangaroos (Macropus 
giganteus). Eight eastern grey kangaroos, including three adult males, three adult 
females and two subadult males from two different populations, were examined. Assays 
assessed the antibacterial activity of kangaroo serum against one Gram-positive and 
three Gram-negative bacteria. The kangaroo serum had a strong antibacterial response 
to Klebsiella pneumoniae, and moderate responses to Escherichia coli and 
Staphylococcus aureus. The presence and level of acute phase proteins, 
haptoglobin and serum amyloid A in kangaroos was investigated. Haptoglobin and 
serum amyloid A were present in kangaroo serum, but only haptoglobin was 
elevated in a kangaroo with capture myopathy and necrotic wounds. The findings of 
this study provide preliminary data on health parameters of free-ranging eastern grey 







Eastern grey kangaroos (Macropus giganteus) are an abundant, iconic and easily 
recognisable Australian species; however, there is a lack of available data on 
health and disease for the species. Generally, limited information is available on the 
haematological and blood chemistry values of macropod species, especially for wild 
macropods. Haematology reference intervals have been determined for some free-
ranging macropod species (Shield 1971; Arundel et al. 1979; Arnold 1987; Spencer 
and Speare 1992; Stirrat 2003; Barnes et al. 2008; Vaughan et al. 2009; Ruykys et 
al. 2012; Robert and Schwanz 2013). Blood chemistry and haematology values 
have been published for a single eastern grey kangaroo infected with gamma-herpes 
virus (Wilcox et al. 2011), and some limited haematological data for free-ranging 
eastern grey kangaroos (14 yearlings, 10 adults), and red kangaroos (Macropus 
rufus) (n = 57) at different stages of maturity (Presidente 1978). However, Presidente 
(1978) only conducted total white blood cell counts and no differential white blood 
cell count data were included. 
Eastern grey kangaroos are susceptible to a range of diseases such as bacterial 
infections from Escherichia coli and  Leptospira weilii (Gordon and Cowling 2003; 
Roberts et al. 2010b), viruses such as Herpesvirus (Wilcox et al. 2011), as well as 
parasites including Cryptosporidium (Power et al. 2004), Toxoplasma gondii 
(Jackson 2003), multiple species of Coccidia (Jackson 2003), and over 20 species 
of strongyle nematodes (Garnick et al. 2010). The incidence of disease is frequent 
and persistent amongst this species, and it is likely that this high disease 
prevalence is attributed to their large, high-density, open- membership groups, and 
close foraging proximity, which enables frequent transmission between individuals 
(Cripps et al. 2016). Due to the increased likelihood of transmission, many individuals 
in a population of eastern grey kangaroos would be exposed to any diseases and 
parasites present. 
Acute phase proteins (APPs) and complement proteins that have antimicrobial 
properties are found in serum (Cray et al. 2009; Sarma and Ward 2011). APPs 
have many applications in human medicine, and are a  useful  tool  for  diagnosing 





inflammation or infection is a drastic increase in the concentration of APPs, 
including haptoglobin (Hp) and serum amyloid A (SAA) (Cray et al. 2009). Due 
to the fluctuating levels of APPs in animals affected by these conditions, APPs 
are a useful indicator of the presence of inflammation or disease (Tothova et al. 
2014). The levels of Hp increase during infection, inflammation, trauma or disease. 
The biological function of Hp is to bind to haemoglobin in order to prevent 
excessive loss of iron through urinary excretion as Hp helps in regulating the 
renal threshold for haemoglobin (Putnam 1973). However, Hp decreases during 
severe hepato-cellular deficiency and haemolytic conditions (Dobryszycka 1997). 
SAA is a major APP that has been identified in multiple mammal species 
including humans (Homo sapiens) (Whitehead et al. 1992), mice (Mus musculus) 
(De Beer et al. 1994), and horses (Equus caballus) (Jacobsen et al. 2006).  SAA is an 
indicator of acute inflammation; however, the slower-reacting Hp indicates chronic 
inflammation (Alsemgeest et al. 1994; Horadagoda et al. 1999). Horses with 
inflammation or tissue damage have been found to have higher SAA concentrations 
than healthy horses. Measuring SAA levels may therefore be a useful method of 
monitoring disease activity in mammals (Hultén and Demmers 2002). Both Hp and 
SAA presence was assessed in  eastern  grey  kangaroos  to  evaluate  whether  
marsupials, like eutherians, are able to produce APPs, triggered during an infection 
or trauma.  
The overall objective of this study was to determine measures of health in free-
ranging eastern grey kangaroos by (1) determining baseline blood chemistry and 
haematology levels, (2) verifying the presence and levels of APPs, and (3) examining 
the antibacterial response of serum. One adult male was euthanised by a veterinarian 
after capture due to capture myopathy and the results of a post mortem examination 
are reported in a separate paper (Green-Barber et al. 2017).  
6.3. Materials and methods 
6.3.1. Study sites 
Data were collected at two sites in New South Wales (NSW) (Fig. 6.1). One site 





The other site had relatively little built infrastructure and is a conservation area 
surrounded by National Parks’ land containing cliffs and bushland. ‘Yarramundi  
Paddocks’,  Hawkesbury  Campus,  Western Sydney University, NSW 
(33°3704.00300S, 150°44011.45700E) is located on the corner of Bourke Street and 
Londonderry Road, Richmond, NSW. The ‘Yarramundi Paddocks’ has an area of 
~308 ha, and consists of pastures, grasslands, marshes, and open woodland. 
The Hawkesbury campus is located in a semirural area and is surrounded by 
urban development. Built infrastructures create barriers that may limit the directions 
in which animals can disperse, and reduce areas suitable for foraging, which is 
likely to affect the dispersal of animals in this area. 
The Wolgan Valley  Resort and Spa (33°15018.47800S, 150°11023.23400E), 
located in the Wolgan Valley, NSW, is a 1619-ha property surrounded by national 
parks and sandstone cliffs. There is significantly less built infrastructure, and 
therefore fewer barriers in this area than at the campus site. 
Research was conducted during winter and early spring when pasture quality was 
lower than during summer, when rainfall is higher. The densities of the two study 
populations were measured in 2014 and found to be 4.6 kangaroos per hectare at the 
Hawkesbury site, and 1.3 kangaroos per hectare at the Wolgan Valley site. There 
were no other macropod species present at the Hawkesbury site; however, other 
macropod species were present at the Wolgan Valley site. 
6.3.2. Animals 
In total, eight wild eastern grey kangaroos were sampled. Three adult males were 
captured at ‘Yarramundi Paddocks’, and three adult females were captured at 
Wolgan Valley. Two subadult males were captured, one at each site. All animals 
were captured between June and October 2014 and 2015 (late winter to spring). 
6.3.3. Field procedures 
Haematology and blood chemistry data from wild macropods are needed for 
clinical health assessments. However, utilising wild macropods has potential safety 





researcher, and there is a high risk of injury to the animal when using traps or nets 
to capture macropods (King et al. 2011). For the safety of researchers and 
kangaroos: animals were captured using chemical restraint with zoletil at 5–7 mg 
kg, administered using 3-mL darts with 60-mm-long needles via a CO2 Injection 
Rifle (Dan-Inject, Denmark). 
Darting was conducted between 0700 and 0900 hours. Air temperatures during 
darting were 10-26°C at the Hawkesbury site and 2-12°C at the Wolgan Valley site. 
Kangaroos were darted in the upper hind leg, thigh or rump from a distance of 23–
28 m in accordance with recommendations made by Roberts et al. (2010a). When 
the kangaroo dropped to the ground it was approached slowly and quietly, a hessian 
sack was placed over its head and the tail and hind limbs were restrained during 
processing. The average time between administering the dart and approaching the 
animal was ~15 min. All kangaroos in the study showed signs of anaesthesia within 
10 min of darting. Larger males were still partially mobile when first approached 
and required additional dosages of tranquiliser. 
Morphometric measurements, including foot length, tail diameter, tail length and 
total body mass, were collected from each individual. Body condition was estimated 
from morphological measurements. Fur condition, the presence of injuries, and 
evidence of ectoparasites were also recorded. 
6.3.4. Haematology and blood chemistry 
A blood sample (10–15 mL) was taken from the tail vein using a 21-gauge needle 
from all kangaroos captured. Two-thirds of the sample was placed immediately into 
an EDTA-coated Vacutainer tube (Becton, Dickinson and Co., New Jersey) and the 
remaining third into a Venosafe tube containing a clot- activating additive (Terumo 
Europe, Belgium) and refrigerated before transportation to the laboratory. Serum 
was harvested and biochemical tests were conducted within 24 h of collection. 
Blood chemistry values were measured using whole blood and a Vetscan VS2 
blood chemistry analyser and comprehensive diagnostic profile rotor plates (Abaxis, 
Union City, USA), as per the manufacturer’s instructions. The rotor plates measured 





aminotransferase (U L–1), amylase (U L–1), urea nitrogen (mmol L–1), creatinine 
(mmol L–1), globulin (g L–1), glucose (mmol L–1), potassium (mmol L–1), sodium 
(mmol L–1), phosphorus (mmol L–1), total bilirubin (mmol L–1), and total protein (g 
L–1). White blood cell counts were calculated from manual counts of blood smears 
on a microscope slide stained with DiffQuick stain (Bacto Laboratories Pty Ltd, 
Mount Pritchard, Australia) using an Olympus CX31RBSF compound microscope. 






Fig 6. 1.   Data collection sites: (a) Hawkesbury Campus site, (b) Wolgan Valley site, 
and (c) the relative locations of the Hawkesbury Campus and Wolgan Valley sites in 
New South Wales. 





An antimicrobial assay was performed to assess the antibacterial activity of 
kangaroo serum. Serum was pooled from multiple individuals for each sex. Pooled 
serum was then diluted to make concentrations of 25% and 50% serum using a 
sterile saline solution. Heated serum (56°C for 30 min with shaking), and saline 
were used as negative controls for comparison. 
Three Gram-negative bacteria (Escherichia coli (K12), Pseudomonas aeroginosa 
(ATCC 27853), Klebsiella pneumoniae (ATCC 13883)) and one Gram-positive 
bacterium (Staphylococcus aureus (ATCC 25923)) were used in this study. Bacteria 
were grown on nutrient agar slants and transferred to a sterile nutrient broth liquid 
culture. The culture was incubated overnight to obtain a log-phase in a 37°C 
shaking incubator. The optical density of the culture was tested using the 
Benchmark Plus™ microplate spectrophotometer (Biorad, Hercules, USA) at a 
wavelength of 600 nm to ensure the optical density was 0.2–1 (growth  phase).  The  
culture was then diluted to a concentration of 1x105 with sterile 0.9% saline. 
Equal volumes of diluted bacteria were added to the diluted serum, heated serum, 
and saline to create a 1 : 1 ratio. Serum– bacterial solutions were incubated for 
increments of 0, 10, 20 and 30 min at 37°C with shaking. Solutions were then plated 
in triplicate (50 mL each) on nutrient agar plates immediately following each 
incubation time. Inverted plates were incubated overnight (37°C). Colonies were 
counted and used to obtain averages. Colony-forming units (CFUs mL–1) were 
calculated using the method described in Merchant (2003) (colonies x dilution 
X10). 
6.3.6. Acute phase protein assays  
Haptoglobin assay 
The  PHASE  Haptoglobin  assay  (Tridelta  Development Ltd, Bray, Ireland) was 
used according to the manufacturer’s instructions to determine the presence and 
concentration of Hp protein in eastern grey kangaroo serum, using rabbit 
(Oryctolagus cuniculus) serum (Sigma-Aldrich, Castle Hill, Australia) and sheep 
(Ovis aries) serum (Serum Australia Pty Ltd, Manilla, Australia) as comparative 





evidence of necrotic wounds and capture myopathy) were utilised. A set of Hp 
standards with known concentrations (2.5 mg mL–1, 1.25 mg mL–1, 0.625 mg mL–1, 
0.312 mg mL–1 and 0 mg mL–1), and serum samples were plated in triplicate in a 
microtitre plate. The absorbance was read at 630 nm using a Benchmark Plus™ 
microplate spectrophotometer, and the results interpreted on the basis of a standard 
curve of known Hp samples. 
Serum amyloid A assay 
The LZ Test ‘Eiken’ SAA kit (Eiken Chemical Co. Ltd, Tokyo, Japan) was used to 
determine SAA protein concentration in the serum from three adult male eastern grey 
kangaroos (two healthy, and one unhealthy that showed signs of capture myopathy 
and necrotic wounds), as well as three adult females and two subadult males. Horse 
serum (Vector Laboratories, Burlingame, USA) collected from healthy horses was 
used as a eutherian reference for comparison. The test was performed according to 
the manufacturer’s instructions using a 96-well microplate, and analysed using a 
Benchmark Plus™ microplate spectrophotometer.  
6.4. Results 
All kangaroos in this study recovered from anaesthesia without ill effects, with the 
exception of one adult male that exhibited signs of capture myopathy and was 
euthanised as a result. All study subjects (except the euthanised male) appeared to be 
in good health with adequate body condition, no evidence of injuries, and no obvious 
ectoparasites. Table 6.1 summarises the heart rates, respiration rates and body 
temperature of the anesthetised kangaroos after initial darting. Adult males (n = 3) 
had a mean weight of 43 kg (±3.62) and adult females (n = 3) had a mean weight of 
27 kg (±6.36). The subadult males (n = 2) had a mean weight of 18 kg (±2.33). The 
foot length of adult males was 36 cm (±0.87), the foot length of adult females was 30 
cm (±1.26), and the foot length of the subadult males was 31 cm (±0.07). The tail of 
adult males was 107 cm (±5.51) long with a diameter of 89 mm(±22.59), the tail of 
adult females was 78 cm (±5.41) long with a diameter of 42 mm (±12.16), and the 
tail of the subadult males was 71 cm (±2.83) long with a diameter of 54 mm 
(±22.37). All three adult females were lactating and had pouch young. Two females 





6.4.1. Blood chemistry 
Notable differences in blood chemistry (Table 6.2) were observed between the 
sexes and between adults and subadults. Mean levels of alkaline phosphatase were 
higher in female eastern grey kangaroos (341 U L–1) than subadults (145 U L–1) and 
adult males (97 U L–1). Adult females had lower levels of alanine aminotransferase 
(53.67 U L–1), than both the  adult  males (77 U L–1) and subadults (66 U L–1). 
Amylase was found to be higher in subadults (282 U L–1). Adult males had distinctly 
higher levels of creatinine (125 mmol L–1) and glucose (8 mmol L-1). 
6.4.2. Haematology 
The mean haematological values in Table 6.3 show variations between the sexes 
and between adults and subadults. The values for the male that was euthanised are 







Table 6. 1. Postcapture heart rate, respiration rate, and body temperature of 
eastern grey kangaroos from two populations in New South Wales during 
winter and spring 2014 and 2015 
Data shown are ranges (with mean in parentheses) 
 Males  
(n = 2) 
Females  
(n = 3) 
Subadult  
males (n = 2) 
Heart rate (beats 
  










Body temperature (oC) 35.70–38.80 (36.46) 33.70–36.20 (35.14) 34.40–35.70 
(35.02) 
Table 6. 2. Blood chemistry values for eastern grey kangaroos from two 
populations in New South Wales during winter and spring 2014 and 2015 
Data shown are ranges (with mean in parentheses) 
Blood chemistry 
 
Males (n = 2) Females (n = 3) Subadult males (n = 
 ALB (g L–1) 47–48 (47.50) 42–49 (45.33) 42–45 (43.50) 
ALP (U L–1) 97–97 (97.00) 117–530 (341.33) 100–190 (145.00) 
ALT (U L–1) 72–81 (76.50) 41–66 (53.67) 58–74 (66.00) 
AMY (U L–1) 160–214 (187.00) 170–250 (203.00) 219–345 (282.00) 
TBIL (mmol L–1) 7–7 (7.00) 7–8 (7.33) 7–7 (7.00) 
BUN (mmol L–1) 8.4–8.8 (8.60) 8.8–10.1 (9.57) 7.7–8.7 (8.20) 
P (mmol L–1) 1.77–2.15 (1.96) 1.90–2.33 (2.08) 2.17–2.73 (2.45) 
CRE (mmol L–1) 121–129 (125.00) 66–84 (75.00) 65–95 (80.00) 
GLU (mmol L–1) 7.0–9.7 (8.35) 3.1–4.5 (3.67) 4.8–5.8 (5.30) 
Na+  (mmol L–1) 157–165 (161.00) 150–163 (156.33) 158–161 (159.50) 
K+  (mmol L–1) 3.1–4.9 (4.00) 2.0–7.2 (4.20) 4.2–6.1 (5.15) 
TP (g L–1) 56–60 (58.00) 50–67 (61.00) 57–58 (57.50) 
GLOB (g L–1) 8–13 (10.50) 5–25 (15.67) 12–16 (14.00) 





The adult female had the highest lymphocyte count (35.66%). It was slightly 
higher than the lymphocyte counts for subadults (33.00%) and higher than for the 
adult males (27.00%). Adult males had the highest neutrophil count (55.83%), 
whereas the lowest neutrophil count was recorded for the adult female (41.00%). A 
greater number of neutrophils than lymphocytes were observed for all animals in this 
study. The adult female had a neutrophil to lymphocyte ratio (NLR) of 1.15. 
Subadult males had more neutrophils with a NLR of 1.47. Adult males had the 
highest NLR of 2.07. The monocyte count for the adult female (9.66%) was higher 
than both adult (7.33%) and subadult (7.16%) males. The adult female had a higher 
eosinophil count (8.66%) than did the adult males (5.16%) and was slightly higher 
than for the subadult males (7.33%). Subadult eastern grey kangaroos appear to have 
a slightly lower basophil count (4.00%) than adults of either sex (males, 4.66%; 
females, 5.00%). 
6.4.3. Antimicrobial assay 
Serum diluted to 25% was chosen for analysis because the bacterial colonies were 
clearer and easier to count accurately, compared with the colonies on plates with 
serum diluted to 50%. Test plates (containing serum) generally had far fewer CFUs 
than control plates containing heated serum or saline (Fig. 6.2). However, the trend 
was not observed in all plates; for example, P. aeruginosa test plates generally had 
more CFUs than control plates. Test plates had the fewest CFUs after 20 and 30 min 
of incubation.  
Test plates with K. pneumoniae had fewer CFUs than the controls.  The  number  
of  CFUs  increased  after  10 min  of incubation, and then declined at 20 min 
incubation for all test plates; however, the number of CFUs continued to decline after 
30 min of incubation for female test plates, but increased for male test plates.  
Test plates with male serum and E. coli had fewer CFUs at 0 and 30 min; 
however, they had more CFUs than most control plates at 10 min and more CFUs 
than some control plates at 20 min. The most CFUs were observed for the male test 
plate at 30 min incubation, and the fewest CFUs were observed at 20 min. Results for 





Table 6. 3. Haematology values for eastern grey kangaroos from two 
populations in New South Wales during winter and spring 2014 
Data shown are ranges (with mean in parentheses) 
Leucocytes  Male2 (n = 2)  Female 
(n = 1)  
Subadult male2 
(n = 2) 
Neutrophils (per 
100)    
51.00–60.66 (55.83)    41.00    39.00–58.00 (48.50) 
Lymphocyte (per 
100)   










8.66  5.66–9.00 (7.33) 
Basophils (per 100) 4.66–4.66 (4.66) 5.00  3.66–4.33 (4.00) 
test plate and controls showed a sharp increase in CFUs at 20 min incubation 
followed by a sharp decline at 30 min. 
Male test plates with S. aureus had the fewest CFUs at 30 min incubation, with 
fewer CFUs than all controls at this length of incubation. Male test plates also had 
most CFUs at 0 min of incubation. Female test plates had fewer CFUs at 10 min 
incubation and the most CFUs at 20 min. 
No evidence for adequate antibacterial response to P. aeruginosa was observed. 
Test plates produced more CFUs than one or both of the controls on all occasions. 
6.4.4. Acute phase protein assays  
Haptoglobin 
The assay results indicate that Hp is present in eastern grey kangaroos. 
Concentrations of Hp were determined from the Hp standard curve for both 
kangaroos (Table 6.4). Hp levels were higher for the euthanised kangaroo (6.96 mg 





Serum amyloid A 
Concentrations of SAA protein were determined from the standard curve for all 
kangaroos (Table 6.5). It was higher for adult females (6.13 mg mL–1) than it was for 
healthy and unhealthy (euthanised)  adult  males  (healthy,  4.8 mg mL–1;  unhealthy, 
4.27 mg mL–1) and subadult males (3.3 mg mL–1). The SAA protein concentrations 
of all kangaroos were within the normal 
 
Fig 6. 2.   Kinetics of antibacterial activity of 25% diluted serum from Macropus 
giganteus against (a) Klebsiella pneumonia, (b) Escherichia coli, (c) Staphylococcus 
aureus, and (d) Pseudomonas aeruginosa. 
 
Table 6. 4. Mean concentration of haptoglobin in blood serum of selected 
mammals, including healthy and unhealthy (euthanised) eastern grey kangaroos 
Serum specimen  Concentration of unknown sample (mg 
mL–1) 





Eastern grey kangaroo (healthy) 2.03 
Rabbit   1.06 
Sheep   0.61 
Table 6. 5. Concentration of serum amyloid A in adult male (healthy and 
unhealthy/euthanised), adult female and subadult male eastern grey kangaroos 
Serum specimen  Concentration of unknown sample (mg 
mL–1) 
Adult male (healthy) (n = 2)  4.13–5.47 (4.80) 
Adult male (unhealthy) (n = 1)  (4.27) 
Adult female (n = 3)   2.53–11.00 (6.13) 
Subadult male (n = 2)                                                   2.07–4.53 (3.30) 
Horse                                                                                   (32.67) 
reference ranges specified by the SAA kit (<8 mg mL–1). The horse serum showed a 
concentration of 32.67 mg mL–1, which is notably higher than the normal reference 
range for the horse (Jacobsen and Andersen 2007). 
6.5. Discussion 
The results of this research provide valuable information about the health 
parameters and disease susceptibility of free-ranging eastern grey kangaroos. 
Preliminary differences relating to age and sex were detected in both the 
haematological and blood chemistry values. The sample size used in this study is 
small, however, while the results indicate differences between groups such as sex or 
age, this may be a result of differences between individuals rather than between the 
groups they represent. Sex, age and season have been determined to influence 
haematology and blood chemistry  in other marsupials  (Presidente  1978; Barnett 
et al. 1979; Haynes and Skidmore 1991; Baker and Gemmell 1999). Some of the 
haematological and blood chemistry values in this study were consistent with those 
found in other macropod species such as brush-tailed rock wallabies (Petrogale 





et al. 2008). 
Levels of alkaline phosphatase were higher in female eastern grey kangaroos than 
in subadult males, and both had higher levels than adult males. All females were 
lactating and had pouch young and two also had young at foot. Alkaline phosphatase 
has been found to dramatically increase during gestation in humans (Okesina et al. 
1995). Similarly, pregnant bobcats (Felis rufus) reportedly have significantly higher 
alkaline phosphatase levels than males (Fuller et al. 1985). Alkaline phosphatase 
levels in female kangaroos may also fluctuate due to reproductive state. Alkaline 
phosphatase is involved in bone growth and calcification (Takenaka et al. 1988), so 
younger growing animals are likely to have higher alkaline phosphatase levels. For 
example, older eastern quolls (Dasyurus viverrinus) have been found to have 
approximately half the level of alkaline phosphatase as younger individuals 
(Stannard et al. 2013). Higher alkaline phosphatase values in younger animals has 
also been documented in tammar wallabies (McKenzie et al. 2002) and brush-tailed 
rock wallabies (Barnes et al. 2008); however, the levels for both these species 
(tammar wallaby, 520–2357 U L–1; brush-tailed rock wallaby, 405–1412 U L–1) 
were substantially higher than the values found in the eastern grey kangaroos. Blood 
samples were collected from some animals in winter and others in spring, which 
may have contributed to the differences in alkaline phosphatase levels between 
individuals. Studies have found that tammar wallabies and brush-tailed rock 
wallabies have higher alkaline phosphatase levels in summer than in other seasons 
(McKenzie et al. 2002; Barnes et al. 2008). 
Alanine aminotransferase was markedly higher in males than females in this study. 
Elevated levels of alanine aminotransferase in macropods may indicate issues with 
liver function (McKenzie et al. 2004). Overall values are comparable with those 
recorded in the tammar wallaby (43–53 U L–1) (McKenzie et al. 2002). 
Adult males had higher creatinine and glucose levels than females and 
subadults. Creatinine levels relate to muscle mass, therefore the higher levels of 
creatinine in males is most likely a reflection of their larger body size (Stirrat 
2003). Reduced creatinine levels may indicate poor nutrition (Domingo-Roura et 





adult males have also been observed in brush-tailed rock wallabies, tammar 
wallabies and Tasmanian devils (Sarcophilus harrisii) (Deane et al. 1997; Barnes 
et al. 2008; Peck et al. 2015); however, glucose was found to be lower in adults 
than subadults in all of these species (Deane et al. 1997; Barnes et al. 2008; Peck 
et al. 2015). Increased glucose levels are associated with increased stress 
(Barnett et al. 1979; Fuller et al. 1985; Wells et al. 2000; Stannard et al. 2013). 
Potassium levels were higher in subadults than in adult males and females in 
this study. Levels of potassium observed in subadults is comparable with the 
levels found in southern hairy-nosed wombats (Lasiorhinus latifrons) (5.7 mmol L-
1) (Gaughwin and Judson 1980). Gaughwin and Judson (1980) suggest that high 
potassium values observed in wombats may be due to an adaptation to minimise 
water loss.  Globulin levels were lowest in adult males compared with females and 
subadults. Globulin values that are higher in adults than subadults have been 
observed in brush-tailed rock wallabies (Barnes et al. 2008) and Tasmanian 
devils (Stannard et al. 2016),  which  are  not  consistent  with  the  higher  levels  
in subadults found in this study. The levels of globulin observed were low 
compared with published values for other macropod species (Stirrat 2003; Vaughan 
et al. 2009; Ruykys et al. 2012). All other values were similar to those published 
for other macropod species. 
Stirrat (2003) suggested that  macropod blood chemistry values are influenced 
by the availability and nutritional value of vegetation, which varies between 
seasons. Lower levels of protein, urea nitrogen and albumin levels have been 
observed in agile wallabies (Macropus agilis) during spring compared with autumn 
(Stirrat 2003). It is likely that seasonal variations may have impacted the values in 
the current study as samples were collected in both winter and spring. 
This study found that lymphocytes were higher in subadult male eastern grey 
kangaroos than in adult males, which is consistent with lymphocyte decrease 
associated with age in tammar wallabies (McKenzie et al. 2002). The adult 
female kangaroo that was lactating had the highest lymphocyte value, which 
compares with the increased lymphocyte values observed in brush-tailed rock 





Neutrophils were higher in adult males than in both females and subadults. 
Conversely, tammar wallabies have higher neutrophil values at 2–3 years old, 
with the values of younger juveniles being similar to those of adults, and with 
values dropping only at ~3 years of age (McKenzie et al. 2002). The neutrophil 
to lymphocyte (N : L) ratio was 2.04 for adult males, 1.17 for adult females, 
and 1.45 for subadult males. 
Monocyte values for adult and subadult males were fairly consistent; however, 
the monocyte values of tammar wallabies have been shown to be lower at 0–1 and 
3 years old, peaking at ~2 years old and increasing again as an adult (McKenzie et 
al. 2002). The adult female had a notably higher eosinophil count than did the 
males, and was lactating as this kangaroo had one pouch young, and one young 
at foot. The higher eosinophil value was in contrast with values observed in 
brush-tailed rock wallabies, in which eosinophil counts were notably lower during a 
time of high lactation demand (Barnes et al. 2008). A greater number of female 
eastern grey kangaroos in varying states of reproduction would be required to 
determine whether eosinophil counts are significantly affected by lactation. 
Subadults were found to have higher eosinophil values than adult males, which 
differs from that reported for the brush-tailed rock wallaby (Barnes et al. 2008); 
however, the captive tammar wallaby has been found to have the highest 
eosinophil values at 2–3 years old, and slighter lower values at 0–2 years old 
and as adults (McKenzie et al. 2002). Barnes et al. (2008) suggest that higher 
eosinophil values may be related to exposure to parasites, which would be greater in 
older animals. Higher eosinophil values in older individuals were not observed in 
eastern grey kangaroos; however, the parasite loads for these animals is 
unknown. Higher-density populations have a higher rate of contact between 
individuals, which results in an increased endoparasite transmission rate (Takemoto 
et al. 2005). Eastern grey kangaroos were extremely abundant at both study sites. It 
is likely that the kangaroos at both study sites had high endoparasite burdens due 
to the high number of individuals at each site. 
Overall variations in haematological values were observed between the sexes; 
however, it needs to be noted that this may not be due to true sex differences and 





values have  previously  been  reported  between  the  sexes  for  this species. Both 
haematological and blood chemistry values have been found to differ among captive  
tammar wallabies of different stages of maturity and between seasons (McKenzie et 
al. 2002; Young and Deane 2006), and likewise differences between brush-
tailed rock wallabies of different ages and sex (Barnes et al. 2008). 
The bacteria used to assess antibacterial properties were chosen because they 
are commonly used to assess antibacterial resistance, and because they are likely 
pathogens of eastern grey kangaroos. For example, S. aureus and P. aeruginosa 
infections in some macropods, P. aeruginosa infections in koalas (Phascolarctos 
cinereus), and K. pneumoniae infections in common brushtail possums 
(Trichosurus vulpecula) have been reported (Osawa et al. 1992; Ladds 2009; 
Edwards et al. 2012). 
The results indicate that eastern grey kangaroos have some level of  antibacterial  
response  towards  the  bacteria  tested. Antibacterial responses to the Gram-negative 
bacteria K. pneumonia and P. aeruginosa were generally less effective in females 
than males, and this is consistent with the suggestion that Gram- negative 
bacteria are more abundant in marsupials that are in oestrus, gestating, or carrying 
pouch young (Edwards et al. 2012). Numbers of Gram-positive bacteria have been 
found to be higher in female common brushtail possums during anoestrus, oestrus 
or gestation, or whilst carrying pouch young (Edwards et al. 2012). If these bacteria 
are present in eastern grey kangaroos, then it is likely there will be differences 
in the numbers of bacteria in males and females, and that bacterial levels will 
differ among females during different reproductive states. In contrast, the 
antibacterial response to the Gram-positive bacteria S. aureus was notably higher in 
males, which is not consistent with the suggestion that numbers of Gram-positive 
bacteria are higher in females. The abundance of Gram-negative bacteria E. coli was 
also higher for males than females. Edwards et al. (2012) suggests that certain 
strains of bacteria in the pouch of marsupials may be excluded or favoured by 
maternal mechanisms  and  that  a  selective  response  towards  Gram- negative 
bacteria occurs in preparation for parturition. 





antibacterial effects increased over time. In a recent study by Ong et al. (2017) the 
antibacterial effects of red-tailed phascogale (Phascogale calura) serum were also 
found to decrease over time. It is unknown whether the antibacterial effects of eastern 
grey kangaroo serum would continue to increase or decrease after 30 min as this was 
the longest incubation time used in this study and in that of Ong et al. (2017). 
In this study, the concentration of Hp protein in eastern grey kangaroos was 
successfully measured, and confirms its presence in eastern grey kangaroo serum. 
The serum from the euthanized kangaroo showed a marked elevation in Hp protein 
concentration. APPs are stimulated by infection, trauma and inflammation (Cray 
et al. 2009). It is likely that the euthanised kangaroo may have had an inflammatory 
condition; however, the normal blood serum Hp range for kangaroos is not known 
because insufficient data are available on APPs in marsupials. 
Hp studies on ungulates using 151 serum samples from wild species in the 
families Bovidae, Cervidae and Equidae have shown that Hp levels were similar 
to those of related domestic animals (Stefaniak et al. 1997). Infections and injuries 
contributed to increased Hp levels in the sera, and suggested the potential and 
usefulness of observing the Hp levels as part of a routine examination for the 
diagnostics of inflammation in wild species (Stefaniak et al. 1997). Hp 
concentration in the grey short-tailed opossum (Monodelphis domestica) has been 
shown to increase almost 6-fold after the injection of lipopolysaccharide (Richardson 
et al. 1998), which suggest that measuring Hp levels may also be a valuable 
method of identifying diseases and other inflammatory disorders in marsupials, 
including kangaroos. 
All kangaroos in this study had SAA protein concentrations within the normal 
reference ranges specified by the SAA kit (<8 mg mL–1). SAA protein 
concentration was highest in adult females, followed by adult males, and subadults 
had the lowest SAA concentration. 
There was no difference in the protein concentration of SAA between the 
euthanised adult male and the healthy adult males. SAA is an indicator of acute 





(Alsemgeest et al. 1994; Horadagoda et al. 1999). The injuries of the euthanised 
kangaroo were more consistent with a chronic condition, which may explain why 
Hp protein levels were elevated, but SAA levels were not. The results from this 
study are preliminary findings that demonstrate the use of this kit for measuring 
levels of SAA protein in marsupial serum. The horse serum in this study showed 
a concentration of 32.67 mg mL–1, which is slightly higher than the normal reference 
ranges but lower than the SAA level of horses with an inflammatory condition 
(Jacobsen and Andersen 2007). 
This paper contributes additional data to the scarcity of information on the 
haematology and blood chemistry values of free-ranging eastern grey kangaroos, 
and reports the ability of their serum to inhibit bacterial growth. It also reports 
that marsupials, like eutherians, are capable of producing APPs that are triggered 
during an infection or trauma event. While the results indicate differences 
between the sexes in many of these blood parameters, the sample size is too small 
to draw definitive conclusions. Further research with a larger sample size would 
need to be conducted to confirm that these differences were related to sex and 
not just differences of the individuals in the study. 
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7. Discussion, recommendations and future directions 











7.1. General discussion and conclusion  
The research conducted for this thesis has successfully determined:  
1) Suitability of camera traps for assessing kangaroo behaviour, 
2) Activity patterns of eastern grey kangaroos in developed and natural 
landscapes, 
3) Spatial and temporal factors that influence road mortality in 
kangaroos,  
4) Genetic relationships within a free-ranging population of eastern grey 
kangaroos, 
5) Haematology and blood chemistry values, antibacterial activity, and 
presence and level of acute phase proteins in a free-ranging 
population of eastern grey kangaroos. 
This thesis is the first time camera traps have been used to assess behaviour 
of kangaroos, and this research has illustrated their usefulness in monitoring activity 
patterns in kangaroo populations. Activity data from camera traps was found to be 
consistent with other observational studies of kangaroos. Camera traps provide 
researchers and managers with an efficient tool for documenting changes within and 
between populations. The potential for camera traps to capture novel observations of 
rare or difficult to observe behaviours was also demonstrated. Kangaroos became 
habituated to the presence of cameras and the effect on their behaviour was minimal. 
Camera traps are more cost effective and less labour intensive than tagging or direct 
observation, and can be used to collect long term data on multiple individuals in a 





the behaviour of kangaroos is likely to reduce the observer effect and therefore 
provide more useful data.  
The behavioural patterns of kangaroos in developed and natural landscapes 
have been compared for the first time in this species. It is essential to understand how 
kangaroo activity differs in developed landscapes in order to generate informed 
management strategies. The activity patterns, space use, group size, and frequency of 
certain behaviours were found to differ between kangaroos in developed and natural 
landscapes. Kangaroos at the natural site gathered in larger groups, spent more time 
in woodland/grassland fringe habitats, peaked in activity earlier in the day, and 
exhibited increased vigilance and agonistic interactions, and reduced travelling and 
feeding. Behavioural changes were attributed to human activity, built infrastructure, 
and increased population density at the developed site. Knowledge of these 
behavioural changes is required for developing strategies to reduce the impacts of 
urbanisation on kangaroo populations, such as designing new developments to 
minimise habitat fragmentation and light pollution. 
Very few studies have examined the influence of attractive landscape features 
on eastern grey kangaroo road kill mortality rates and none have been conducted in 
temperate regions or semi-rural/semi-suburban areas. Based on the findings of this 
study, it appears that illumination influences the likelihood of kangaroo road 
mortalities. Other factors that contribute to the occurrence of kangaroo road mortality 
include low temperatures and low rainfall which are likely to affect forage quality. 
The identification of spatial and temporal factors that influence road mortality in 





and effective deterrent strategies that can be used to minimise the likelihood of 
wildlife road mortality.  
Spatial genetic structure is influenced by dispersal, home ranges of 
individuals, and population density (Eldridge & Coulson 2015). Barriers in the 
landscape such as roads restrict dispersal and therefore gene flow of wildlife 
populations (Forman & Alexander 1998) . Genetic markers have been used to 
evaluate the barrier effect of roads for multiple vertebrate species (Epps et al. 2005; 
Gerlach & Musolf 2000; Kuehn et al. 2006; Reh & Seitz 1990). Knowledge of 
spatial genetic structure within a population is useful for developing informed 
management strategies. Limited evidence of genetic structure was observed in the 
population of kangaroos studied and is consistent with previous findings (Neaves et 
al. 2017). Knowledge of the genetic relationships present in a population of 
kangaroos provides insight on the genetic diversity and dispersal of this high density 
and fragmented population. 
Health impacts individual animals as well as populations of animals, 
particularly in high density populations where disease transmission is increased due 
to close contact between individuals (Cripps, Martin & Coulson 2016). Urban 
development can negatively impact the health of nearby wildlife populations, and 
stress induced immune modulation can occur as a result of human disturbances 
(Acevedo-Whitehouse & Duffus 2009). Stress can also affect behaviour, feeding 
rates, and reproductive success (Newport, Shorthouse & Manning 2014).  
It is important to monitor the health of kangaroo populations near human 
development as it also has implications for the health of human populations. 





(Coxiella burnetii) and Ross River virus (Cooper et al. 2012; Old & Deane 2005). 
Kangaroos are susceptible to Toxoplasma gondii and may transfer these parasites to 
other wildlife populations which causes high mortality rates in marsupials (Jackson 
2003; Miller, Faulkner & Patton 2003). The presence of high density kangaroo 
populations that are close to human development increases the likelihood of 
transmission of zoonotic diseases to human populations. For this reason health 
parameters were investigated for the first time in free-ranging eastern grey 
kangaroos. The findings of this research provide information on the haematology and 
blood chemistry values of kangaroos, and reports on the ability of their serum to 
inhibit bacterial growth. Differences in both the haematological and blood chemistry 
values were detected between kangaroos of different ages and genders, however 
further research with a larger sample size is needed to confirm if these differences 
occur consistently between genders and age groups. Kangaroo serum showed a 
strong antibacterial response to Klebsiella pneumoniae, and moderate responses to 
Escherichia coli and Staphylococcus aureus. Antibacterial responses varied between 
females and males which is consistent with the suggestion that the marsupial pouch 
may favour or exclude particular strains of bacteria (Deakin & Cooper 2004; Old & 
Deane 1998).  
Acute phase proteins, haptoglobin and serum amyloid A were confirmed to 
be present in kangaroo serum using biochemical assays. Haptoglobin was elevated in 
the kangaroo with chronic inflammation but SAA was not which is consistent with 
other studies (Alsemgeest et al. 1994; Horadagoda et al. 1999). These findings 
suggest that marsupials are capable of producing acute phase proteins in reaction to 
trauma. High density kangaroo populations such as those in developed areas 





The use of baseline data for measuring health in free ranging kangaroos is essential 
for effectively monitoring animals in high density populations.  
The range of eastern grey kangaroos has dramatically expanded over the last 
30-40 years (Richardson 2012). The behaviour, population ecology, and health of 
kangaroo populations are affected by human activity, as additional resources created 
by human development of the landscape have allowed kangaroo populations to 
increase in abundance and distribution (Coulson, Cripps & Wilson 2014; Richardson 
2012). Overabundance of kangaroos can result in various management issues 
including agricultural loss, animal welfare concerns, detriment to human 
life/livelihood, and loss of biodiversity (Coulson 2009; Descovich et al. 2016). Both 
kangaroo and human populations in Western Sydney are increasing, leading to 
greater human-wildlife conflicts. Multiple management techniques have been utilised 
to address overabundant kangaroo populations, including culling (NSW Commercial 
Kangaroo Harvest Management Plan 2017), reproductive management (Tribe et al. 
2014), and auditory and olfactory deterrents (Bender 2003; Cox et al. 2015). Limited 
knowledge exists about how human activity affects the behaviour, population 
ecology, and health of free-ranging eastern grey kangaroos and obtaining this 
information is essential in order for management strategies to be effective. 
The research presented has increased the existing knowledge of the behaviour, 
population ecology, and health of eastern grey kangaroos. The findings demonstrate 
that camera trap data is useful for assessing activity patterns in eastern grey 
kangaroos and that these activity patterns differ between a developed and natural 
landscape. Multiple factors were found to influence kangaroo road mortality such as 





using microsatellite analysis, and no genetic spatial autocorrelation was detected. 
Haematological and blood chemistry values were established for free ranging 
kangaroos of different ages and genders, and the antibacterial response and presence 
of acute phase proteins in kangaroo serum was verified. These studies could be 
replicated across Western Sydney and broader areas to establish a more 
comprehensive database for free-ranging eastern grey kangaroos to assist in 
developing more effective management strategies for the future. 
7.2. Future Directions  
Camera traps should be incorporated into future studies of eastern grey 
kangaroo behaviour to reduce observer effects, cost, and enable long term 
monitoring. Further research should be conducted to fully evaluate how varying 
levels of development effect the behavioural patterns of kangaroo populations. It is 
important to monitor the behavioural differences of kangaroo populations in 
developed landscapes in order to improve management strategies and reduce human-
animal conflicts. Knowledge of the activity patterns of kangaroos in different areas 
allows wildlife managers to develop informed strategies to minimise effects of urban 
development, such as ensuring new developments are designed to avoid habitat 
fragmentation and light pollution, and modifying existing structures such as roads 
and fencing to reduce current impacts . 
Spatial and temporal factors that affect kangaroo road mortality should be 
considered in future road design and management planning for this species. It is 
recommended that safe wildlife crossing areas are constructed in areas where 
kangaroos cross roads most frequently as noted by increased roadside mortality. 





however no studies have been conducted to evaluate their effectiveness in reducing 
kangaroo road mortality rates (Cramer et al. 2015). Flashing warning signs have been 
effective in reducing deer road mortality and should be used to alert drivers of 
temporal factors such as high moon illumination that increase the likelihood of 
kangaroos crossing roads (Sullivan et al. 2004). Further studies are required to 
evaluate whether these are the most relevant influencing factors of kangaroo road 
mortality over a wider geographical area.  
Additional research is recommended to evaluate the spatial genetic structure 
of other eastern grey kangaroo populations across Western Sydney using larger 
sample sizes and additional microsatellite loci to obtain more robust results. An 
increased understanding of the genetic structure of kangaroo populations in Western 
Sydney is required to fully evaluate the effect of increasing urban development on 
gene flow, and would enable a more in depth evaluation of other factors that 
influence their dispersal patterns. Management of eastern grey kangaroos requires 
monitoring of overabundant populations, and effective monitoring can only occur 
with a comprehensive understanding of the genetic structure and dispersal patterns 
occurring within these populations (Zenger, Eldridge & Cooper 2003). Populations 
identified as having restricted gene flow could be addressed using fertility control or 
reduction of landscape barriers where appropriate.  
Reference values for healthy free-ranging eastern grey kangaroos are useful 
for assessing health and disease susceptibility of free-ranging populations. More 
research is needed to evaluate how these parameters vary over a larger geographical 
area, as well as to establish whether gender and age differences occur consistently in 





essential for identifying specific health issues effecting these populations, and 
developing strategies to address them such as removal of toxic substances from an 
area. Ongoing monitoring of parasites present in kangaroo populations is 
recommended especially for areas where kangaroos are harvested for human 
consumption or may pose a risk to human health, such as contamination of water 
sources. 
Future research will benefit our understanding of eastern grey kangaroo 
biology and hence improve management of kangaroos in evolving landscapes. 
Although we are increasing our knowledge of eastern grey kangaroo biology, there is 
still much to learn. 
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A1. A suspected case of myopathy in a free-ranging 
eastern grey kangaroo (Macropus giganteus). 
 







Macropods are susceptible to capture myopathy. A post mortem examination, and 
haematological and blood chemistry analysis was conducted on a male eastern grey 
kangaroo (Macropus giganteus) believed to have capture myopathy. Changes in 
blood chemistry and necrosis of muscle tissue are the most prevalent sign of 
myopathy in eastern grey kangaroos. 
Introduction 
Capture myopathy is a metabolic disease commonly associated with the capture and 
restraint of animals (Paterson et al. 2007). It occurs when altered blood flow results 
in inadequate delivery of nutrients and oxygen, increased lactic acid production, and 
decreased cellular waste removal, which causes necrosis of the muscle tissue 
(Spraker 1993). The pathology of capture myopathy was first described in a Hunter’s 
hartebeest (Damaliscus hunteri) (Jarrett et al. 1964), and has since been reported in 
many mammalian species including ungulates (Hadlow 1955; Hebert and Cowan 
1971; Hofmeyr et al. 1973; Wobeser et al. 1976; Dierenfeld and Dolensek 1988), 
and other eutherians (McConnell et al. 1974; Herráez et al. 2007), as well as several 
avian species (Young 1967; Spraker et al. 1987; Marco et al. 2006; Businga et al. 
2007). Clinical and haematological signs of capture myopathy include tachycardia, 
elevated body temperature, a weak pulse, and elevated creatinine, aminotransferase 
and lactate dehydrogenase. Manifestations of capture myopathy vary between 
species (Paterson et al. 2007). Shepherd et al. (1988)identified necrosis of muscle 
(particularly skeletal or cardiac muscle) as the primary clinical sign of capture 
myopathy in red kangaroos (Macropus rufus). 
During anaesthesia and subsequent capture of one adult male kangaroo, a capture 
myopathy event occurred. This paper provides the first detailed report of capture 







Eastern grey kangaroos were captured to obtain blood samples as part of a study to 
determine measures of health in free-ranging eastern grey kangaroos (Green-
Barber et al. 2017). Animals were captured using chemical restraint with Zoletil at 
5–7 mg kg–1, administered using 3-mL darts with 60-mm-long needles via a 
CO2 Injection Rifle (Dan-Inject, Denmark). Kangaroos were darted in the upper hind 
leg, thigh or rump from a distance of 23–28 m in accordance with recommendations 
made by Roberts et al. (2010). When each kangaroo dropped to the ground it was 
approached slowly and quietly, a hessian sack was placed over its head and the tail 
and hind limbs were restrained during processing. 
A blood sample was taken from the lateral tail vein using a 21 gauge needle from all 
kangaroos captured as part of a study investigating heath and disease in eastern grey 
kangaroos (Green-Barber et al. 2017). Two-thirds of each sample was placed 
immediately into an EDTA-coated Vacutainer tube (Becton, Dickinson and Co., New 
Jersey) and the remaining third into a Venosafe tube containing a clot-activating 
additive (Terumo Europe, Belgium) before transportation to the laboratory. Body 
condition was assessed by measuring the diameter of the base of the tail using 
Vernier callipers. One kangaroo failed to recover from chemical restraint, and had to 
be euthanased. A post mortem examination was performed to assess the occurrence 
of capture myopathy. 
Blood chemistry values were measured using a Vetscan VS2 blood chemistry 
analyser and comprehensive diagnostic profile rotor plates (Abaxis, CA, USA). The 
rotor plates measured the following parameters: albumin (g L–1), alkaline 
phosphatase (U L–1), alanine aminotransferase (U L–1), amylase (U L–1), urea 
nitrogen (mmol L–1), creatinine (μmol L–1), globulin (g L–1), glucose (mmol L–1), 
potassium (mmol L–1), sodium (mmol L–1), phosphorus (mmol L–1), total bilirubin 
(μmol L–1), and total protein (g L–1). Serum samples were analysed for creatine 
kinase (CK) and lactic dehydrogenase (LDH) by IDEXX Laboratories (Rydalmere, 
NSW) for the kangaroo with assumed capture myopathy. White blood cell counts 
were calculated from manual counts of blood smears on a microscope slide stained 
with DiffQuick stain (Bacto Laboratories Pty Ltd, Mount Pritchard, NSW) using an 





The myocardium, lungs, kidney, spleen, pancreas, liver, thigh muscle, and right hind 
foot with a pre-existing injury were dissected and examined. The thigh muscles 
examined included both vastus lateralis and biceps femoris. Myocardium, liver, 
kidney and thigh skeletal muscle tissues were sent to IDEXX Laboratories 
(Rydalmere, NSW) for histopathology.  
Results  
The one adult male kangaroo that exhibited capture myopathy was darted but a full 
dose of Zoletil (Virbac, Australia) was not successfully administered, resulting in 
incomplete immobilisation. Additional tranquiliser was administered until the 
kangaroo became fully immobilised. It was not possible to determine precisely how 
much tranquiliser was successfully administered during the initial dose; however, the 
total dose rate, including additional tranquiliser, was estimated to be 6–9 mg kg–1. 
After routine measurements were taken, the kangaroo was allowed to recover in the 
shade and the heart rate, respiration rate, capillary refill time and body temperature 
were monitored. The kangaroo appeared to be old, had very poor body condition, and 
exhibited periodic leg spasms during recovery. The poor body condition was not 
apparent at the time of darting due to a thick winter coat. Signs of tachycardia (160 
bpm), tachypnoea (120–140 breaths min–1), hyperthermia (body temperature 
40.7°C), and a sluggish capillary refill time (~2 s), indicated possible onset of capture 
myopathy. The kangaroo failed to recover from anaesthesia after 7 h. The heart rate, 
respiration rate, and body temperature reduced to below normal parameters of other 
healthy kangaroos captured during the study (Green-Barber et al. 2017), and the 
kangaroo showed signs of cardiovascular and circulatory collapse. Euthanasia was 
required, which was administered by a veterinarian in the form of an intraperitoneal 
injection of Lethabarb (Virbac, Australia). 
A post mortem examination conducted on the dead kangaroo revealed extensive 
areas of muscle damage and necrosis. Areas of skeletal muscle were pale in 
macroscopic appearance, which is consistent with capture myopathy. A significant 
proportion of the hind limbs (Fig. 1) and myocardium was found to be pale and 
necrotic. Congestion was present in the lungs, and the kidneys had a swollen and 





method derived from Kirkpatrick (1965), which indicated that the kangaroo was 16–
20 years old as all molars had progressed past the rim of the eye cavity. 
Fig. 1.  The muscle condition of an adult male eastern grey kangaroo suffering from 
capture myopathy, showing (A) vastus lateralis general pallor and the deeper areas of 
friable/gelatinous muscle tissue, (B) the normal shoulder muscle tissue, compared 









Fig. 2.  The lungs and kidneys of an adult male eastern grey kangaroo suffering from 
capture myopathy, showing (A) the lung were congested and oedematous, and (B) the 
kidneys appeared mottled and swollen. 
 
Evidence of pre-existing injuries associated with trauma were observed, which may 
have increased the likelihood of myopathy. A partially open wound and swelling 
were present on the right hind foot. Further examination of the foot showed extensive 
areas of muscle damage and necrosis. The right forelimb was held in an abnormal 
position and showed excessive movement in the carpus, indicating possible ligament 
and/or tendon damage. 
Histopathology results found mild, patchy congestion and small areas of acute 
haemorrhage within the interstitium of the heart muscle. The liver and kidneys also 
showed signs of congestion and there was mild swelling of centrilobular to midzonal 
hepatocytes, demonstrated by increased cytoplasmic pallor and volume compared 
with periportal hepatocytes. The kidney tissue appeared mottled, and had signs of 
moderate, multifocal to coalescing congestion. Thigh skeletal muscle appeared 
normal. 
Blood chemistry values for the dead kangaroo (Table 1) were compared with those of 
healthy free-ranging kangaroos (Green-Barber et al. 2017). The dead kangaroo had 
substantially lower levels of alkaline phosphatase (11 U L–1), and phosphorus 
(0.77 mmol L-1), and notably elevated levels of alanine aminotransferase (187 U L–1), 
amylase (408 U L–1), creatinine (220 μmol L–1), and globulin (40 g L–1). Evidence of 
dehydration (PVC-50) and some electrolyte abnormalities (Table 1) were also 





than that observed in healthy individuals. The monocyte and lymphocyte values were 
also lower. 
Table 1.  Blood chemistry and haematology values of an adult male eastern grey 
kangaroo suffering from capture myopathy compared with healthy males 
 
Discussion  
Capture myopathy is reportedly common in macropods, but few reports have been 
formally documented, with only three reported to date, these being for red kangaroos 
(Shepherd et al. 1988), agile wallabies (Macropus agilis) (Stirrat 1997), and a 
Tasmanian pademelon (Thylogale billardierii) (McMahon et al. 2013). No reports of 





Several factors can increase the likelihood of capture myopathy, such as extreme 
ambient temperatures, difficult terrain, excessive handling, prolonged restraint, and 
pre-existing injuries and diseases (Paterson et al. 2007). Very old or very young 
animals are likely to have a greater susceptibility to capture myopathy (Ebedes et al. 
2002). The kangaroo was in an extremely poor condition with a complete absence of 
fat. Two healthy males had a much greater mean tail diameter (98 mm) than the male 
with myopathy (72 mm), despite having comparable tail lengths (healthy male mean, 
1060 mm; male with myopathy, 1040 mm) (Green-Barber et al. 2017). 
The most significant finding from the histopathology was the hepatic necrosis. This 
may be due to very early hypoxic injury due to decreased perfusion/shock, especially 
given the significant hepatic congestion. Abnormalities may be present in the tissues 
of animals with capture myopathy, including haemorrhage or oedema throughout 
muscles, swollen mottled kidneys, and congestion in the lungs (Wallace et al. 
1987; Spraker 1993; Finlay and Jeske 1997). Heart and liver tissue are particularly 
susceptible to damage from hypoxia. Shepherd (1983) found evidence of 
myoglobinuria in many of the red kangaroos with capture myopathy but did not find 
evidence of cardiac necrosis or kidney damage. Wallace et al. (1987) found no signs 
of kidney damage in multiple ungulates with capture myopathy, which suggests that 
the physical manifestations of capture myopathy differ vastly between species. 
Skeletal muscle necrosis was described histologically in red kangaroos with capture 
myopathy (Shepherd et al. 1988); however, in this study there was no evidence of 
similar skeletal muscle damage in the muscles examined. Despite the lack of 
histological skeletal muscle tissue necrosis in the eastern grey kangaroo 
examined, Shepherd et al. (1988) indicated that macroscopic muscle necrosis 
(demonstrated by the pallor of the skeletal muscle) was related to the severity of 
myopathy experienced by an individual kangaroo, and therefore determined that 
macroscopic muscle colour was a more reliable indication of myopathy than 
histopathology. 
Alanine aminotransferase levels were substantially elevated in the male kangaroo, 
and have been linked to capture myopathy in other species (Chalmers and Barrett 
1982; Vassart et al. 1992). Capture myopathy in other species has been observed to 





lactic dehydrogenase (LDH) (Wallace et al. 1987). CK has previously been used to 
assess the occurrence of capture myopathy in other species (Spraker 1993; Ruykys et 
al. 2012). CK, AST and LDH levels were considerably higher in the kangaroo than 
in other marsupials (Gaughwin and Judson 1980; McKenzie et al. 2002; Barnes et al. 
2008); however, no published data for CK, AST or LDH could be found for healthy 
wild eastern grey kangaroos to enable comparison. The elevated CK levels may 
indicate muscle death, e.g. myocardial infarction and renal failure (Wyss and 
Kaddurah-Daouk 2000; Clarkson et al. 2006), suggesting that he was affected by 
capture myopathy. Elevated LDH and AST are reliable indicators of necrosis 
(Wallace et al. 1987). 
The neutrophil to lymphocyte (N : L) ratio of the kangaroo with capture myopathy 
was higher (3.68) than for healthy free-ranging kangaroos (Green-Barber et al. 
2017). Elevated N : L ratios have been associated with poor health and disease in 
tammar wallabies (Young and Deane 2006). 
On the basis of the findings of the post mortem examination, and blood chemistry 
analysis, it is likely that the reason the animal failed to recover from anaesthesia was 
peracute capture myopathy. Evidence of pre-existing trauma injuries and poor body 
condition suggests that this kangaroo was in poor health before capture, which is 
likely to have increased this individual’s susceptibility to capture myopathy. Capture 
myopathy in eastern grey kangaroos is similar to that described for red kangaroos.  
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A2. Antimicrobial activity of red-tailed phascogale 
(Phascogale calura) serum. 
 








Antimicrobial substances in serum include circulating complement proteins and 
acute phase proteins (APPs). We identified gene sequences for APPs, haptoglobin 
(Hp), C-reactive protein (CRP) and serum amyloid A (SAA) in marsupial genomes. 
Hp and SAA levels were measured in red-tailed phascogale (Phascogale calura) sera 
using commercially available assays. Hp levels were higher in males than females, 
while SAA levels suggest the phascogales used in this study were healthy. Serum 
was co-cultured with four bacterial species. Bacterial growth was inhibited after 
incubation at 37 °C, however effectiveness differed with bacteria and incubation 
time. The least amount of bacterial growth was noticed after introduction 
to K. pneumoniae, and most when introduced to P. aeruginosa. Despite marsupials 
not having mature immune tissues at birth, and unable to mount specific immune 
responses, this study suggests other immune strategies, such as APPs in serum likely 
aid marsupials in their defence against pathogens. 
1. Introduction 
The innate immune system defends the body against pathogens shortly after infection 
has occurred. After detection, specific cells will mediate the removal or destruction 
of bacteria (reviewed in [1]). Maternal-derived strategies and innate immunity are 
likely to be particularly important during marsupial development, as these animals 
are born with no mature immune tissues and unable to mount their own specific 
immune responses [2,3]. Studies of immunoglobulin (Ig) isolated from neonatal and 
foetal serum of tammar wallabies (Macropus eugenii) prior to suckling [4,5], have 
shown their production appears to occur immediately or prior to birth, and provides 





identify antigens on bacterial surfaces and subsequently, in eutherian mammals, 
activates the Classical complement pathway [6,7]. 
Mainly synthesised in the liver, complement proteins provide the serum with its 
antimicrobial properties. Studying marsupial and eutherian mammal immunity, we 
find that although different, components of the two immune systems are comparable. 
Research on marsupial immunity will provide insights into the phylogeny of the 
immune system, contribute to novel therapies in medical science and aid us in 
developing an understanding of marsupial disease, and potentially benefit 
conservation of vulnerable and endangered marsupials. 
Studies of marsupial complement are scarce [15–17], however it is important to 
characterise the complement system in marsupials to identify if it is utilised similarly 
to their eutherian counterparts. All three marsupial species studied to date have been 
reported to use the Classical complement pathway, a complement pathway activated 
using Igs [8]. The Alternative complement pathway has also been detected in the 
gray short-tailed opossum (Monodelphis domestica) [9] and red-tailed phascogale 
(Phascogale calura) [10], showing that the marsupial complement system is able to be 
activated without the presence of Igs [11]. The Lectin complement pathway, a 
complement pathway activated by various types of lectins (reviewed in [12]), is also 
likely present in marsupials based on bioinformatic and gene expression studies [13]. 
Although complement in red-tailed phascogale serum is able to lyse foreign 
cells [10], the antimicrobial properties of serum have yet to be reported. Other 
proteins present in serum, for example lactoferrin and transferrin, also aid in the 





Acute phase proteins (APPs), such as haptoglobin (Hp), C-reactive protein (CRP) 
and serum amyloid A (SAA) are produced by the liver [15]. Hps are haemoglobin-
binding proteins and iron sequesters that inhibit the growth of microbes by making 
iron inaccessible [16]. Hp is also important for the synthesis 
of prostaglandins, leukocyteconscription and migration, and aids in the production 
of cytokines in response to injury and infection [17]. Hp has been identified in 
tammar wallaby milk [18], Virginia opossum (Didelphis virginiana) [19] and gray 
short-tailed opossum serum [20] but not in the serum of any dasyurid marsupial. 
CRP is also important in the host’s defence against infection [21]. CRP is able to 
activate the Classical complement pathway in eutherians and is involved 
in phagocytosis [22]. The CRP gene has been identified in the gray short-tailed 
opossum, Tasmanian devil (Sarcophilus harrisii) and koala (Phascolarctos cinereus) 
genomes [23] but has not been characterised at either the gene or protein expression 
levels. 
The gene for SAA has only been identified in one marsupial genome: the tammar 
wallaby [24]. SAA has been reported to activate an inflammasome cascade, 
promoting the maturation of certain inflammatory cytokines [25]. The level of SAA 
protein superfamily increases as high as 1000-fold during inflammation, indicating 
its importance in innate immunity [26]. 
While antimicrobial activities have been shown to be present in marsupials, the 
antimicrobial properties of marsupial serum have not been examined previously. The 
aim of this study was to focus on the identification of molecules associated with the 
ability of complement proteins to destroy bacterial cells as part of the innate immune 





CRP) and quantify the presence of Hp and SAA proteins in red-tailed phascogale 
sera using commercially available assays. The red-tailed phascogale was chosen for 
this study because of its conservation significance, and additional studies on this 
species would contribute to our understanding of the immunology of vulnerable or 
endangered dasyurid marsupials. The finding of acute phase proteins (APPs) in the 
red-tailed phascogale would not only indicate the presence of innate immunity in the 
species, but also provide evidence that this component of the marsupial immune 
system is comparable to eutherians. 
2. Materials and methods 
2.1. Sequence identification of haptoglobin, C-reactive protein and serum amyloid 
a in marsupials 
The presence of human Hp, CRP and SAA were identified by searching the human 
genome database on GenBank. Similarity searches were conducted using Basic Local 
Alignment Search Tools (BLAST) [27], nucleotide BLAST (BLASTN) and protein 
BLAST (BLASTP) in the gray short-tailed opossum, tammar wallaby, Tasmanian 
devil and koala to identify Hp, CRP and SAA gene homologues in marsupial genomes. 
For koala sequences, BLASTN and BLASTP were conducted on the Koala Genome 
Consortium [28] (https://www.koalagenome.org/). Predicted or translated protein 
sequences were aligned using ClustalW [29] to identify regions of amino acid 
conservation in marsupials. Sequences from two eutherian species, human and 
mouse, were used as reference sequences in alignments. A phylogenetic tree was 
constructed using eutherian and marsupial predicted protein sequences using 
Geneious R6.1 by Biomatters (http://www.geneious.com) with the Blosum62 





score of 3, and using the neighbour-joining tree build method. The sequences were 
simulated on the tree according to the Jukes-Cantor model. 
2.2. Animals and sample collection 
Red-tailed phascogales are small, dasyurid marsupials distributed in Western 
Australia [30]. In this study, we utilised captive-bred red-tailed phascogales housed 
in the Small Native Mammal Teaching and Research Facility at Western Sydney 
University, Richmond, NSW, Australia. For further details regarding housing and 
husbandry refer to [31]. 
Phascogales were captured and euthanased as per standard protocols approved by the 
Western Sydney University Animal Ethics Committee (A10534 and A9694). Whole 
blood was collected in sterile 1.5 mL tubes via heart puncture using a 2 mL syringe 
and 23-gauge needle immediately after euthanasia, and centrifuged for 10 min at 
5000 rpm (at 4 °C). Serum was collected after centrifugation, and kept in the −80 °C 
freezer until required, for a maximum of three months. Altogether, one-year old male 
(n = 5), one year old female (n = 5), five month old male (n = 6) and three adult 
female (aged 2.25, 3.25 and 5.25 years) red-tailed phascogales were used for serum 
collection to determine antibacterial activity of serum, and levels of Hp and SAA 
(WSU Animal Care and Ethics Approval A9872). To determine antibacterial activity 
of serum, negative controls heated at 56 °C for 30 min were used to inactivate 
antimicrobial/antibacterial proteins. Prior to the experiment, sera were placed in a 
37 °C incubator. 
Tissue samples were opportunistically obtained from animals euthanased for 
population control reasons (excess breeding stock and older males and females). For 





spleen and kidney tissues were collected from two adult (male, two years old; 
female, four years old) and two juvenile (male, 6 months old; female 5 months old) 
red-tailed phascogales. Liver was collected from pouch young of unknown sex, ages 
12, 17, 24, 32 days old, and a 3.5 month old male and 60 day old female. Whole 
bodies were sampled for pouch young of unknown sex (ages three and seven days 
old) as they were too small to dissect. Tissues and pouch young bodies were placed 
in RNAlater®(Ambion, Austin, TX, USA) and kept in the −80 °C freezer until use. 
2.3. RNA extraction and cDNA synthesis 
Total RNA of pouch young whole bodies and tongue, lung, heart, liver, 
gastrointestinal tract, spleen and kidney tissues, were extracted using the SV Total 
RNA Isolation System (Promega, Wisconsin, USA) as per manufacturer’s 
instructions. cDNA synthesis was performed using the Superscript III First Strand 
Synthesis System (Invitrogen, California, USA) as per manufacturer’s instructions. 






2.4. Primer design and polymerase chain reaction (PCR) 
Hp and CRP primers were designed based on predicted cDNA sequences available 
from GenBank, Tasmanian devil Hp (XM_003758541.2) and Tasmanian 
devil CRP(XM_003767868.1), respectively [32]. Primer sequences for Hp are as 
follows: forward primer 5′-GCGGACTGCTGTCTGTAG-3′- and reverse primer 5′- 
GGTCTCTTGGTTTCCCAC-3′; and primer sequences for CRP are as follows: 
forward primer 5′ CCCAAGACAGTCTCAGGA-3′ and reverse primer 5′-
CTGCTGTCCCTTTCATGA-3′. 
The PCR mix of 20 μL was prepared to give end volumes of: 0.5 μL cDNA, 4 μL 
×10 GoTaq flexi buffer, 3 μL MgCl2 (3.75 mM), 0.4 μL dNTP (0.2 mM), 1 μL 
forward primer (5 μM), 1 μL reverse primer (5 μM), 9.8 μL water and 0.3 μL of 
GoTaq DNA Polymerase (0.075 u/μL) (Promega Corporation, WI, USA). The PCR 
conditions used were 94 °C for 7 min followed by 35 cycles of amplification also at 
94 °C for 2 min, 50 °C for 1 min with a final extension at 72 °C for 5 min. 
2.5. Sequence analysis 
PCR products were evaluated by electrophoresis using 2% agarose gel in TBE. The 
bands were excised from the gel, ligated into a pCR™2.1-TOPO® vector using the 
TOPO TA cloning kit (both from Invitrogen, California, USA). Plasmids were 
cleaned up using Purelink® Quick Plasmid Miniprep Kit (Invitrogen, California, 
USA) and sequenced at the Australian Genome Research Facility (AGRF), 
Westmead, Sydney. To assign identity, a similarity search was performed using the 
Nucleotide Basic Local Alignment Search Tool (BLASTN; Altschul et al. [27]) 






2.6. Haptoglobin and serum amyloid a assay 
Serum for the Hp assay was obtained from a one year old male and a one year old 
female red-tailed phascogale. The concentration of Hp in serum was determined 
using the “PHASE”™ Haptoglobin Assay (Tridelta Development Limited, Bray, 
Ireland) and was conducted as per manufacturer’s instruction. As a reference, 
commercially available rabbit (Oryctolagus cuniculus) (Sigma-Aldrich, New South 
Wales, Australia) and sheep (Ovis aries) (Serum Australis, New South Wales, 
Australia) serum was used. Samples were analysed using the Benchmark Plus™ 
microplate reader at 630 nm wavelength, and interpreted based on a standard 
curve of known Hp samples of 0, 0.312, 0.625, 1.25 and 2.5 mg/mL provided by the 
kit. All standards and samples were performed in triplicate. 
Serum for the SAA assay was obtained from six juvenile males (5 months old) and 
three adult female red-tailed phascogales aged 2.25, 3.25 and 5.25 years old. The 
concentration of SAA was determined using the SAA kit (LZ Test ‘Eiken’ SAA- 
Eiken Chemical Co., Ltd., Tokyo, Japan) and was conducted as per manufacturer’s 
instruction. As a reference, commercially available horse (Equus caballus) serum 
(Vector Laboratories, CA, USA) was also used for a comparison of eutherian and 
marsupial serum samples. Samples were analysed using the Benchmark Plus™ 
microplate reader at 570 nm wavelength, with a standard curve for each reaction to 
determine the SAA concentrations. 
2.7. Bacterial cultures and CFU counts 
The four bacterial cultures used for the experiment were: Escherichia 
coli (K12), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 





these strains of bacteria, were chosen as they are commonly used to assess 
antibacterial activity and are opportunistic pathogens of humans and potentially 
marsupials. Bacterial cultures were maintained on nutrient agar slants and kept in the 
4 °C fridge until use. The cultures were inoculated into 10 mL sterile Luria 
broth (LB) and incubated at 37 °C overnight in a shaking incubator at 200 rpm. To 
ensure that the bacteria were growing at log-phase, the absorbance of the inoculated 
nutrient broth was measured using the Benchmark Plus™ microplate 
spectrophotometer (Biorad, Hercules, CA, USA) at 600 OD. A measurement 
between 0.2 and 1 indicates a log-phase culture. 
The bacteria were initially diluted to 1 × 105, and then further diluted by 25% and 
50% using sterile LB. The introduction of bacteria and red-tailed phascogale serum 
was performed in sterile tubes, with a 1:1 ratio of bacteria and serum. The bacteria-
serum mixture was plated onto nutrient broth agar in Petri dishes in triplicates. 
Samples were incubated for 0, 10, 20 and 30 min prior to plating and then incubated 
overnight at 37 °C. Negative controls consisted of 25% and 50% bacteria incubated 
with heated serum (56 °C for an hour prior to experiment). 
Each plate was inoculated with 50 μL of bacteria and serum mix onto a nutrient 
broth agar plate to determine the colony-forming units (CFUs) of each sample. After 
incubation at 37 °C overnight, with the exception of E. coli which was grown for 
48 h due to slow growth. The colonies on each plate were counted using a manual 
colony counter. 
Bacterial growth incubated in active sera for 10, 20 and 30 min were compared with 
growth at 0 min incubation, to determine the difference in bacterial growth as 





the average bacterial growth of each bacterium in active sera at 10, 20 and 30 min 
incubation to bacterium in inactive sera at 10, 20 and 30 min incubation. All bacterial 
growths were measured using mean ± SD percentages of CFUs/mL. 
3. Results 
Both red-tailed phascogale Hp and CRP cDNA sequences were confirmed using 
BLASTN [27]. The red-tailed phascogale Hp sequence obtained had an e-value of 
3e-132 with nucleotide sequence identity of 292/308 (95%) with the Tasmanian devil 
Hp sequence (XM_003758541.1). The red-tailed phascogale CRP sequence obtained 
an e-value of 7e-31 with the sequence identity of 121/142 (85%) with the Tasmanian 
devil CRP sequence (XM_003767868.1). The comparison between protein 
sequences indicates that Hp, CRP and SAA marsupial sequences had protein identities 
above 60%. Protein alignments also included red-tailed phascogale Hp and CRP, and 
unrooted phylogenetic tree for Hp, CRP and SAA indicate that eutherian sequences 
were more similar to each other than marsupial sequences (Fig. 1). All protein 






Fig. 1. Unrooted phylogenetic tree developed using (A) haptoglobin, (B) C-reactive 
protein and (C) serum amyloid A protein sequences. Source of protein sequences can 





Results indicate that Hp and CRP is expressed in all six red-tailed phascogale tissues 
examined; tongue, lung, heart, liver, gastrointestinal tract, spleen and kidney of adult 
and juveniles (Fig. 2). The presence of Hp was detected in red-tailed phascogales 
from ages three to 60 days, and the presence of CRP was detected from ages seven to 
60 days (Fig. 2c), with BLASTN searches confirming sequence identities. The 
quantification of Hp in adult male and female red-tailed phascogale serum shows that 
concentrations of Hp are higher in males compared to females. Average haptoglobin 
protein levels obtained using the “PHASE” Haptoglobin Assay is presented in Table 
1. 
 
Fig. 2. PCR amplified products separated on 2% agarose gel of (A) haptoglobin 
using liver tissues obtained from male and female adult and juvenile phascogales, 
(B) C-reactive protein using liver tissues from male and female adult and juvenile 
phascogales, and (C) haptoglobin and C-reactive protein using whole body tissues 






Table 1. Average concentration (±SD) of Serum Amyloid A (SAA) and haptoglobin 
protein levels in male and female red-tailed phascogales. Haptoglobin protein levels 
were tested with rabbit and sheep serum as eutherian references. 
Animal SAA protein levels (μg/mL) Haptoglobin protein levels (mg/mL) 
Phascogale (male) 4.10 (±0.305) 0.232 (±0.017) 
Phascogale (female) 3.82 (±0.025) 0.410 (±0.004) 
Rabbit (sex unknown) – 1.064 
Sheep (sex unknown) – 0.608 
SAA concentrations in all red-tailed phascogale serum had an average of 4 μg/mL 
(±0.277), with the lowest SAA concentration being 3.8 μg/mL in one male juvenile 
and one adult female. SAA concentrations for all individuals were well below the 
8 μg/mL cut-off level as defined by the SAA kit, presumably indicating that the red-
tailed phascogale individuals were healthy (Table 1). However the horse serum 
utilised in the assay reported an SAA concentration of 30 μg/mL, indicating that the 
individual horse may have had a minor inflammatory disease at the time of sampling. 
For the antimicrobial analysis, serum diluted at 25% showed more effective results 
than serum diluted to 50%, and therefore were chosen for analysis, with a range of up 
to 300 CFUs present on the Petri dish for each bacterium. Compared to inactivated 
serum, results show that the growth of K. pneumoniae was reduced with time for 
male and female serum, showing an increase in percentage difference between 
bacteria introduced to active serum and inactivated serum (Fig. 3). While this 
decrease in bacterial growth is also seen with E. coli, S. aureus and P. aeruginosa for 
male and female serum from 10 to 20 min incubation times (except for male P. 
aeruginosaserum), an increase in bacterial growth was observed from 20 to 30 min 





against all the bacteria tested as positive percentage differences were observed at 20 
and 30 min incubation times for E. coli, S. aureus, P. aeruginosa and K. 
pneumoniae (Fig. 3). 
Fig. 3. The percentage difference between the average CFU/mL of active and 
inactivated serum(heated at 56 °C for 30 min) against (A) E. coli, (B) S. aureus, 
(C) P. aeruginosa and (D) K. pneumoniae. A positive percentage difference indicates 
that bacterial growth was higher when incubated with inactivated serum, which was 
expected prior to the experiment, as inactivated complement in serum would not 
have the ability to prevent bacterial growth. 
4. Discussion 
In this study, we report the presence of APPs, Hp, CRP and SAA, 
in marsupialgenomes, amplification of Hp and CRP genes in developing red-tailed 
phascogales using PCR, quantification of the levels of Hp and SAA proteins in 
juvenile males and adult females using commercially available assay kits, and found 
the capability of serum to provide some protection against three Gram-negative 
bacteria (E. coli, P. aeruginosa and K. pneumoniae) and one Gram-positive 





The identification of Hp, CRP and SAA sequences in marsupial genomes indicate that 
the APPs are present in marsupials. The protein alignments for Hp, CRP and SAA in 
eutherians (human and mouse) and other marsupial species reported identities above 
60% (Tables 2 and 3; Supplementary material 2–4). The phylogenetic tree 
of Hp, CRPand SAA protein sequences show that the eutherian sequences (human and 
mouse) are in a clade, and so are red-tailed phascogale and Tasmanian devil 
sequences for Hp and CRP protein alignments. This result is not surprising given 
eutherian mammals are more closely related to each other, and red-tailed phascogales 






Table 2. Human and marsupial nucleotide sequences used, along with the E-value 




ces Marsupial sequences 








(XM_001378598.3) E-value = 3e-173 
   
Identities = 720/969 (74%) 
  
Tasmanian devil 
(XM_003758541.2) E-value = 2e-150 
   
Identities = 746/1042 (72%) 
  
Koala (Locus, 2585; 
Transcript, 13of73; 
Confidence, 0.015; Length, 
1147) E-value = 3e-114 
   
Identities = 757/1018 (74%) 
  
Red-tailed phascogale E-value = 2e-38 
   








(XM_007481666.2) E-value = 1e-72 
   
Identities = 483/696 (69%) 
  
Tasmanian devil 
(XM_003767868.1) E-value = 2e-57 
   
Identities = 426/619 (69%) 
  
Red-tailed phascogale E-value = 0.001 
   
Identities = 14/14(100%) 
   
*(In comparison to opossum 
nucleotide sequence, E-
value = 7e−31; 







(XM_016423426.1) E-value = 1e-37 
   
Identities = 218/299 (73%) 
  
Tasmanian devil 
(XM_012552499.1) E-value = 4e-38 
   
Identities = 271/387 (70%) 
 
*Red-tailed phascogale CRP nucleotide sequences was also compared to the gray-
short tailed opossum sequence because of its high E-value. This result shows that 






Table 3. Human and marsupial protein sequences used, along with amino acid 
identities when compared to their respective human sequences. Comparison is also 
made for translated red-tailed phascogale sequences. 
Gene 
Human 
sequences Marsupial sequences 
E-values/Identities compared 





Opossum (translated from 
XM_001378598.3) E-value = 0 
   
Identities = 236/318 (74%) 
  
Tasmanian devil 
(XP_003758589.2) E-value = 9e-178 
   
Identities = 224/318(70%) 
  
Koala (m.132331 g.132331) E-value = 1e-179 
   
Identities = 235/318 (74%) 
  
Red-tailed phascogale E-value = 3e-41 
   





Opossum (translated from 
XM_007481666.2) E-value = 2e-102 
   
Identities = 140/224(63%) 
  
Tasmanian devil (translated 
from XM_003767868.1) E-value = 2e-100 
   
Identities = 135/225(60%) 
  
Koala (m.483439 g.483439) E-value = 8e-99 
   
Identities = 143/224 (64%), 
  
Red-tailed phascogale E-value = 1e-10 
   






Opossum (translated from 
XM_016423426.1) E-value = 2e-48 
   
Identities = 80/128(63%) 
  
Tasmanian devil 
(XP_003773620.1) E-value = 4e-56 
   
Identities = 80/126(63%) 
  
Koala (m.216752 g.216752) E-value = 1e-53 
   
Identities = 88/127 (69%) 
We identified the expression of Hp in pouch young as young as three days old 
through to adults using PCR, and quantified Hp in adult male and female red-tailed 
phascogale serum. The Hp level in serum is dependent on the species. For example, 
goat (Capra aegagrus hircus) Hp concentrations at 0.00–0.05 mg/mL [33], and dog 
Hp concentrations of 0.3–3.5 mg/mL are regarded as within the expected range for 





in these individuals were 1.064 and 0.608 mg/mL, respectively. Male red-tailed 
phascogales had a higher Hp concentration compared to female red-tailed 
phascogales (Table 1). The normal range of Hp concentrations in marsupials, 
particularly red-tailed phascogales, have not been reported previously. The reason for 
higher Hp concentrations in males is unknown, but it is probable that high 
haptoglobin concentrations are related to male semelparity. Hp increases in mammals 
as a response to acute infection, inflammation, stress, neoplasia and trauma 
(reviewed in [35]). For example, an increase in Hp levels was reported in goats with 
induced inflammation, with significant differences (P <0.05) occurring three and 
four days after inflammation was induced [33]. 
CRP is involved in the complement system and in mice has been reported to protect 
the body against microbial pathogens [36]. CRP has the ability to precipitate the 
somatic C-polysaccharide of Streptococcus pneumoniae[37]. Unlike Hp, the 
presence of CRP was not detected in the three day old pouch young, but in pouch 
young aged seven days to adulthood. Even though CRP was not amplified as early in 
newborn red-tailed phascogales, results obtained in this study still indicate pouch 
young are capable of responding to infectious agents, necrosis and trauma (reviewed 
in [38]) during relatively early postpartum life. 
All red-tailed phascogale serum in this study had SAA concentrations <8 μg/mL 
(Table 1), indicating that serum were likely extracted from healthy red-tailed 
phascogales. It has been reported that the SAA sequence in the tammar wallaby is 
different compared to its eutherian counterparts (i.e. human and mouse) due to 
concerted evolution [24], suggesting that SAA sequence similarity may only have 





only tested the serum of presumably healthy red-tailed phascogale individuals in this 
assay, and had no clinically unhealthy individuals for comparison we cannot confirm 
that an SAA concentration of <8 mg/mL confirms a healthy status in marsupials; 
however we can report that SAA concentrations of clinically healthy eutherians 
should report SAA concentrations <8 μg/mL [39], and is presumably similar for red-
tailed phascogales, assuming the function of SAA is similar in eutherians and 
marsupials. Although the horse serum was included as a reference to show that 
eutherian and marsupial SAA serum concentrations were comparable, the horse 
serum reported an unexpectedly high serum concentration of 30 μg/mL, which may 
indicate the presence of a minor inflammatory disease. According to Jacobsen et 
al. [39], clinically healthy horses and horses with non-inflammatory diseases usually 
reported SAA concentrations <0.48 μg/mL while horses with inflammatory diseases 
reported an average of 1018 μg/mL of SAA. 
Based on previous studies we know that APPs are not the only immune molecules 
that have antimicrobial functions in marsupials. As stated previously the complement 
system is present and active in marsupial serum [9,40], including the red-tailed 
phascogale [10]. While complement proteins have been reported to lyse foreign 
erythrocytes, proving that they have the capabilities to destroy foreign cells, the 
antimicrobial capacity of complement proteins and other serum components in the 
red-tailed phascogale are largely unknown. The results obtained in this study show 
the capability of serum to protect the body against three Gram-negative bacteria (E. 
coli, P. aeruginosa and K. pneumoniae) and one Gram-positive bacterium (S. aureus). 
Results indicated some growth inhibition was detected for all four bacteria tested 





when introduced to red-tailed phascogale serum compared to inactivated serum, 
regardless of incubation time. The growth of K. pneumoniae was more than double the 
amount in inactivated serum compared to activated serum after 30 min incubation 
(Fig. 3). At the 30 min incubation time-point, bacterial growth inhibition was 
strongest against K. pneumoniae. The sensitivity of the type of bacteria to serum could 
depend on the structure and surface of the bacteria (reviewed in [41,42]). As 
bacterium with lower sensitivity towards serum are more pathogenic to those that are 
not [42], results of this study indicate that K. pneumoniae likely has the highest 
pathogenic potential in red-tailed phascogales compared to E. coli, S. aureus and P. 
aeruginosa. In a study by Osawa et al. [43], K. pneumoniae was indicated as the 
casutive agent in the death of a pouch young koala, confirming K. pneumoniae is a 
pathogen of marsupials. 
Instead of high antimicrobial activity at the start of incubations, female serum 
against E. coli and, male and female serum against K. pneumoniae showed that their 
antimicrobial activity started off low but increased as time progressed from 10 to 
30 min. The introduction of 25% (v/v) Komodo dragon serum against E. coli also 
showed a similar effect where CFUs decreased between 10 to 20 min incubation 
times [44]. The results of our study showed a steady decrease of E. coli growth for 
female serum but results were not significant (P > 0.05). Results were also not 
significant for male serum against E. coli; however bacterial activity was still 
detected for both male and female serum (Fig. 3). 
As expected, the bacterial growth in inactivated serum resulted in a higher number of 
colonies compared to bacterial growth in activated serum for most samples. As 





should de-activate the serum by destroying cytolytic activity of the complement 
system, leading to deactivation of antibacterial proteins [45]. Samples that had higher 
bacterial growth in activated serum were all observed within the first 10 min of 
incubation, and applied to either male or female serum for all bacteria except for K. 
pneumoniae. Therefore, the results for active female serum introduced to E.coli and P. 
aeruginosa and active male serum introduced to S. aureus indicated that serum were 
not effective during the first 10 min of incubation (Fig. 3). Other results reported less 
bacterial growth when introduced to active serum compared to inactivated serum, 
showing the effectiveness of serum after 10 min. 
The results of E. coli and P. aeruginosa after 10 min incubation could be dismissed 
due to the lower number of colonies in inactive compared to active serum. We also 
found that overall growth inhibition was higher for males than females for E. 
coli and P. aeruginosa after 30 min incubation, but higher for females compared to 
males for S. aureus and K. pneumoniae. The results suggest the capacity of individuals 
defending themselves against bacteria may be reliant on gender, although the 
investigation of female pouches has indicated antimicrobial activity against E. 
coli and not S. aureus[46]. However, antibacterial activity against S. aureus and K. 
pneumoniae is usually passed on from mother to offspring during lactation [47,48]. 
Further investigations are required to assess differences in male and female immune 
competence in marsupials. 
The results of this study confirm the presence of APPs; Hp, CRP and SAA, and that 
marsupial serum has antimicrobial properties that can inhibit some Gram-positive 
and Gram-negative bacterial growth. The results of this study provide evidence that 





to their capacity to deal with early immune challenges. This study provides the basis 
for further studies on APPs in marsupials and the innate immune mechanisms, 
particularly newborn marsupials. 
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